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FOREWORD

Uniquely productive, the San Francisco Bay bountifully provides living resources, recreation
and waste assimilation to the many people that inhabit its shores. Its stock of f~m- and shell-fish are
important sources of food and recreation, and its scenic beauty provides pleasure to the masses
that are fortunate enough to be able to partake of it.

Although its shores have been populated since before the turn of the century, San Francisco
Bay has received surprisingly little scientific study until the environmental awareness movement of
the late 1960’s and 1970’s. Additionally, few, if any, scientific meetings and symposia devoted to
the Bay’s ecosystem have been held. It, therefore, seemed very appropriate to hold a symposium
on the San Francisco Bay system in conjunction with th6 annual meeting of the Pacific Section of
the American Society of Lirnnology and O~anography held June 12-16, 1977 at San Francisco
State University, San Francisco, California. The symposium was held as a plenary session on 13
June 1977 under the sponsorship of the American Society of Limnology and Oceanography and in
aff~fliation with the Pacific Division, American Association for the Advancement of Science.

This volume includes most of the papers presented at the symposium and some additional
"chapters written since then. It is hoped it will serve as a useful reference on how the San Francisco
Bay system functions biologically, chemically, geologically, and physically, both for scientists and
for the persons responsible for managing the Bay’s resources.

I should like to express my appreciation to T. John.Conomos for organization of the sympo-
sium and for efficiently conducting the difficult task of ~xtracting the written material from au-
thors, and editing it. Without his perseverance, this volume would never have come about. Further,
I wish to ,take note of the decision of the Executive Committee of the Pacific Division, AAAS for
undertaking ~e publication of this volume, which initiates the Division’s new "Symposium
Series." The members of the Pacific Division, AAAS and of its affiliated societies are the longterm
beneficiaries of tMs action.

John J. Goerin~ President
Pacific Section of the American Society

of Limnology and Oceanography
June, 1977

Copyright ~)1979, Pacific Division, AAAS          5
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I
INTRODUCTION

T. JOHN CONOMOS
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 9402S

San Francisco Bay and Delta, one of the world’s largest estuarine systems, profoundly
influences and enhances the economic, climatic and aesthetic quality of the surrounding urban-
suburban region to the great benefit of its 5 million inhabitants. With its strategic location on the
coast of central Califomia and its huge natnrai harbor, San Francisco Bay serves as a major center
for commerce and industry and as a gateway to the Far East. Its Mediterranean climate and
beautiful setting attract people from around the world both to visit and to establish residence. The
estuarine system itself is a natural habitat for fish and wildlife and as such provides abundant
quantities of edible fish and shellfish and supports a wide variety of water-oriented recreation.

With the progress of its energetic urban-suburban society., however, have come major changes
to the estuarine system. The Bay and Delta have been heavily modified by man since the arrival of
the Argonauts in the mid-19th century. As the margins have been f’flied and dLked, the overall size
of the Bay and Delta has greatly shrunk. The result has been the loss of wildlife habitats and a re-
duction of tide-related flushing, which in turn has led to progressive deterioration of the quality of
Bay waters. Water-quality degradation from wastes discharged by a rapidiy growing population has
undoubtedly altered the indigenous ecosystem. Unfortunately, growing demands to reduce or
eliminate waste discharges have been accompanied by the reduction, through massive diversions of
river inflow, of the ability of the system to flush itself naturally.

In response to environmentnl concerns during the last few decades, legislative committees
have agreed that this estuarine system should be protected against further indiscriminate and
unrestrained exploitation. These committees and subsequent Federal and State legislation have
mandated that sound plans for long-term intelligent and rational management of this valuable
resource be formulated and implemented. There is, unfortunately, little scientific data on which to
base these plans. Our knowledge of fhe complex physical, chemical, biological, and sedimen-
tological estuarine processes is relatively primitive. This is surprising, considering the importance
and irreplaceable nature of the system, the magnitude and cost of the public works already built or
in the planning stages, and the demands and standards imposed by environmental and regulatory
agencies.

Our purpose in this volume is to summarize in individual chapters our knowledge of the
natural processes that contribute to the maintenance of the estuary as we see it. These discussions
inelude, of necessity, some emphasis on the influence of man. Half of the chapters were presented
during the course of a symposium, sponsored by the Pacific Section of the American Society of
Limnology and Oceanography, held at San Francisco State University, 13 June 1977. Because of
the enthusiasm generated by this symposium, papers covering additional topics were solicited for
inclusion in this enlarged volume.

We ’attempted to be as comprehensive as possible, bringing together reports dealing with the
many interrelated aspects of estuarine research ongoing in San Francisco Bay and Delta. The chap-
ters vary in their content: some are summaries of established published and unpublished work,
others are syntheses of our knowledge of a given topic, and still others are research papers report-
ing results of promising ongoing research. It is our hope that this volume will serve as a timely and
useful reference for those planning and conducting estuarine research and as a status report for
legislators, planners and coastal-zone managers.

This contribution is the work of many dedicated persons. I thank the contributors, who

Copyright © 1979, Pacific Division, AAAS 7
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SAN FRANCISCO BAY

enthusiastically and freely gave of their time and energies in preparing their chapters, and parti
~u_lafly Brian F. Atwater, James E. Cloern, Douglas E. Hammond, Samuel N. Luoma, David S
McCulloch, Frederic H. Nichols, and David H. Peterson who, additionally, served as peer reviewer:
of many of the chapters. Sally M. Wienke prepared many of the figures and Kaye M. Walz provide(
secretarial and editorial assistance. I also wish to thank Janice R. Conomos, David S. McCulloch
and Frederic H. Nichols for their persistent encouragement throughout the preparation of thi’~
book, and to the Pacific Division, American Association for the Advancement of Science, the U. S
Geological Survey, and the California Academy of Sciences for financial support and/or othe~
courtesies without which this volume could not have been produced.

C--04991 4
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SAN FRANCISCO BAY-THE UNSUSPECTED ESTUARY
A History of Researches

JOEL W. HEDGPETH
5660 Montecito Avenue, Santa Rosa, California 95404

This brief historical account of research in San Francisco Bay and the Delta
of California indicates that motivation for the study of the system has been pri-
marily related to economic aspects of the alteration of the environment by acts
of man, e.g. the study of hydraulic mining debris by G. K. Gilbert, or the stresses
associated with drought periods, exemplified by the marine borer studies of the
1920’s. Although there was an active interest in making a baseline study of the
entire system around 1911-12 by members of the departments of zoology and
geology of the University of California, the effort was soon abandoned and the
Bay and its delta lapsed into academic oblivion. By the 1930’s there was such
general unawareness of the environment or its significance that major decisions
for diversion of water from the system were made as if the Bay simply did not
exist, and serious consideration was given to schemes, especially the Reber Plan,
that would have destroyed San Francisco Bay completely.

Of aI1 the great estuarine systems of the world, San Francisco Bay and the delta of the Sacra-
mento and San Joaquin rivers (Fig. 1) have been among the last to be critically studied by scien-
tists. Indeed, for many years this region had not even been thought of as an estuary, and from the
viewpoint of politicians and water engineers it was not a great natural California phenomenon to
be proud of like Yosemite or Mount Lassen, but a hindrance to progress. The Bay, of course, was a
natural resource whose shores had been built up as one of the world’s great harbors, and was inci-
dentally a beautiful part of the world. But that was taken as a sort of fringe benefit that made pro-
gress pleasing to the eye. No one knew very much about the Bay, about what kinds of plants grew
in its waters and what sorts of animals lived in the muds and sand of the bottom or what fishes
swam in its water. And no one had tried to put this information together, especially to think of
the Bay and its delta as interrelated. Yet there had been for more than 3,000 years a colonization,
if not civilization, of the Bay by the native "Indians" adjusted to their environment and flourish-
ing upon its resources, even to the extent of trading their surplus of food with those living in the
hinterland of the Delta (Nelson 1909; Cook 1964).

For nearly 200 years, Spanish navigators sailed the Manila galleons from Acapulco, north-
ward past the unseen Golden Gate of San Francisco Bay, to Cape Mendocino whence they turned
westward across the Pacific. It was not until 1769 that European explorers and "men of God"
discovered the Bay, not from the sea by entering the Golden Gate, but from a hill to the south.
Six years later, in 1775, the Spanish at last found their way by ship into San’Francisco Bay.
Among the early voyagers who apparently missed San Francisco Bay was Francis Drake, who
passed by in 1579 and laid over for repairs on the shore of what is now Matin County. Scientific
explorers did no better. Captain James Cook sailed, according to plan, northeast from Hawaii in
1778 and made his landfall of western North America at Cape Foulweather on the Oregon coast.
Expedition after expedition, many with naturalists aboard, bypassed San Francisco Bay, although
most of them stopped at Monterey. Jean Francois de Galaup de la Perouse visited Monterey in
1786, and Alejandro Malaspina stopped there for two weeks in 1791 on his way southward from

Copyright I~)1979, Pacific Division, AAAS. 9
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SAN FRANCISCO BAY

125’                                                                                 1~2~

I

INDEX MAP
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Fig. 1. San FranNsco Bay and DNta.

what is now Bflfi~ CNumb~a. Ju~ Fr~cisco de la Bodega y Quadra ~t ~ave entered S~
Nsco Bay ~ 1775 had he not lost Ns shore boat ~ a ~shap ~ ~e sne~er wave at ~e mou~
of TomNes Bay, ~d ~ Ns later ye~s of s~g to ~d from Nootka Sound he apparently made no
effo~ to s~ ~to S~ Fr~Nsco Bay. George V~couver ~Nted ~e C~fo~a coast, ~clu~g
Monterey, ~ 1793 ~d 1794 but he did not attempt S~ F~Nsco Bay.

It was not unN ~e RusN~ expedition of ~e RuNk unde~ CaptNn Otto yon Kotzebue
~to S~ F~Nseo Bay ~ 1816 fo~ a mon~’s stay ~at naturN Msto~ obse~ations of ~y
e~ce were made ~ the Bay ~ea. The natu~sts were ~e poet-bot~st Ndelbe~ yon
~d ~e ~p’s doctor ~d zooloNst Dr. Iv~ E~hoRz, accomp~ed by ~e artist ~uis Chods.
~ttle was done ~ ~e Bay itself as coEect~g ~d obse~ation were restricted for ~e most par to
~e ~c~ty of ~e Presi~o. Ei~t years later (1824) yon Kotzebue ag~ ~sited S~ Fr~cisco Bay,
~ Eschscholtz as natur~st. On ~s ~sit ~ey made a t~p by sm~ boat to S~ta Cl~a, ~d
November ~ey ~de a s~ boat voyage up ~e Bay as f~ as ~e Sacr~ento ~ver ne~ ~o
Vista, m~g si~fic~t obse~afions of ~e natur~ ~to~ ~d a~cultur~ potenti~ of ~e
re,on ~ssig 1933).

At last, ~ 1826, S~ Fr~cisco Bay was ~sited by a competent carto~apher when Capt~
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HEDGPETH: THE UNSUSPECTED ESTUARY

Frederick William Beechey entered the Bay on November 6 with H.M.S. Blossom to explore and
survey the Bay, secure supplies and allow the crew to rest. The Blossom stayed until December 28,
and returned again in November of 1827 after a second attempt to t~md the Northwest Passage.
The mission was primarily that of surveying the Bay, and the chart that resulted from their efforts
was excellent and reliable as far as Carquinez Strait. It has often been used since to settle land
claims involving shorelines and the status of islands (Lincoln 1969).

History began to accelerate after the Beechey survey; first the Mexican War and the acqui-
sition of California by the United States, then the Gold Rush, and, by 1851, 25 years after Captain
Beechey’s first view of San Francisco Bay, California was a state. San Francisco became a city
overnight; the once pleasant shores and coves of the northern end of the peninsula of San Francis-
co were filled with debris, old ships and earth from the hillsides to provide docks and land for
warehouses and the financial district. The Indians were extirpated and the rich bird and animal life
of the delta region was levied upon by commercial hunters. A man thought to be the last descen-
dant of the aboriginal settlers of the bay region lived at Coyote Point until about 1942 (Stanger
1963). From accounts in the pioneer press of the years following the Gold Rush, especially
Hutchings’ California Magazine (Olmsted 1962) one can get some idea of what the Bay and Delta
must have been like, but there was no naturalist who made more than casual mention of natural
phenomena. There is a vivid account of the nature of the great flood of 1862, when most of the
Sacramento Valley was a vast lake, in Brewer’s "Up and Down California" (Farquhar 1966). There
are also some selections about the wealth of fish and game resources in Neasham (1973). For an
account of the rule elk, the most abundant and characteristic large animal of the delta region, see
McCullough (1971).

The great flood of 1862 is vividly described in Brewer’s "Up and Down California" (Farqu-
bar 1966). This pluvial demonstration has never been adequately considered by ecologists. The
rains were so heavy from November 1861 through January 1862 that most of the city of Sacra-
mento was under water, and the legislature was forced to hold its sessions in San Francisco. Much
of the Central Valley was under water; in some places the tops of the telegraph poles were sub-
merged. Water flowed for at least 10 days through the Golden Gate in a steady torrent, blocking
tidal reversal. During that time the "null zone" may have been somewhere out beyond the Golden
Gate (Peterson et al. 1975). Such a flood today would cause billions of dollars damage and utterly
wipe out many valley towns. San Francisco Bay was a fresh-water lake. Ecological questions were
not asked in those days, so no one wondered what effect such an episode had on the life of the
Bay and the Delta. It probably took several years, possibly a decade, for the native estuarine
species to re-establish themselves. By that time it would have been too late, for the completion of
the continental railroad in 1869 made introduction of eastern species of fishes and invertebrates
possible. Almost immediately eastern oysters were brought to San Francisco Bay, along with
sundry invertebrates as inadvertent stowaways, and an intensive effort to establish east coast and
midwestern fishes was begun (Smith 1896). At that time so little was known about the natural
history of the state’s most abundant commercial fish, the salmon, that no one knew where they
spawned, and Livingston Stone was told they probably spawned near Rio Vista (I-/edgpeth 1941).
In 1872 shad were planted in the Sacramento River, and the striped bass was introduced in 1879
by Livingston Stone (I-!edgpeth 1941). Many of the fish introduced in those days have become
major additions to the fauna of California waters, most notably the striped bass, which is the prin-
cipal recreational fish in the delta region and upper bay. One can only conjecture about the events
of the decades 1860-1880; whether, for example, the striped bass would have succeeded so easily
at any other time (Fig. 2).

Most of the marine and estuarine invertebrates that have become established in the Bay were
not deliberately introduced; those that were, e.g. oysters and lobsters, did not become naturalized

11
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SAN FRANCISCO BAY

(Hedgpeth 1968). All of these introductions and immigrations not only altered the nature of the
ec~81bgical communities in the waters of the Bay and the streams; they have also posed unsuspected
complications for investigators who have required identifications of species in recent years
(Carlton 1975).

The very nature of San Francisco Bay itself was altered by the physical process of massive
sedimentation induced by the development of hydraulic mining in the gold districts. This began in
1853, soon after the Gold Rush of 1849 (May 1970). Hydraulic mining was ended by judicial
decision in 1884 not because it was endangering San Francisco Bay by rapid siltation (shoaling the
upper arms of the Bay by a few meters) but because it was destroying agricultural laud in the

I     I     I I     I     I

Striped bass
introductions:           Hydraulic mining

stopped, 1884

1882(300) -

1879(132 fis/h)~ iining debris

1862    /

Th; Great /      \ Debris de.position

--..
/] _~.~’1 Percent suspended sediment"

1850 1860 1870 1880 1890 1900 1910 1920

Fig. 2. Certain events associated with hydraulic mining debris deposition in San Francisco
Bay. Compiled in part from Gilbert 1917.

Sacramento Valley. The effect on San Francisco Bay was not to be evaluated until long after hy-
draulic mining had ceased.

In all these years between the onslaughts of mining, the development of agriculture with ex-
tensive irrigation diversions and the urbanization of the San Francisco Bay (by 1910 much of the
Bay was noticeably polluted and oyster farming was on the decline), there were only casual obser-
vations of its natural history. One man who might have been a great naturalist of the Bay was
diverted to the higher calling of philosophy, although he had entered the University of California
in 1871 with an interest in natural science. This was Josiah Royce, who found the doctrinaire
Darwinian approach of Joseph LeConte, the chief natural scientist of the university in those days,
uncongenial, although he admired LeConte as a teacher. For several years Royce taught English at
Berkeley, but he was called to Harvard as a philosopher in 1882.We have his perceptive essay on
the effect of climate on life and civilization in California (Royce 1898), and a poetic meditation
on San Francisco Bay, written in 1879, but published many years later in a posthumous gathering
of essays (Royce 1920):

12
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HEDGPETH: THE UNSUSPECTED ESTUARY

"Meditation Before the Gate"

I am a Californian, and day after day, by the order of the World Spirit (whose
commands we all do ever obey, whether we will it or no), I am accustomed to be
found at my tasks in a certain place that looks down upon the Bay of San Francisco
and over the same out into the water of the Western Ocean. The place is not without
beauty, and the prospect is far-reaching. Here as I do my work I often find time for
contemplation...

That one realizes the greatness of the world better when he rises a little above the
leyel of the lowlands, and looks upon the large landscape beneath, this we all know;
and all of. us, too, must have wondered that a few feet of elevation should tend so
greatly to change our feeling toward the universe. Moreover the place of which I
speak is such as to make one regret when he considers its loveliness that there are not
far better eyes beholding it than his own. For could a truly noble soul be nourished by
the continual sight of the nature that is here, such a soul would be not a little enviable.
Yet for most of us Nature is but a poor teacher.

Still even to me, she teaches something. The high dark hills on the western shore
of the Bay, the water at their feet, the Golden Gate that breaks through them and
opens up to one the view of the sea beyond, the smoke-obscured city at the south of
the Gate, and the barren ranges yet farther to the left, these are the permanent back-
ground whereon many passing shapes of light and shadow, of cloud and storm, of mist
and of sunset glow are projected as I watch all from my station on the hillside. The
seasons go by quietly, and without many great changes. The darkest days of what we
here call winter seem always to leave not wholly without brightness one part of the
sky, that just above the Gate. When the rain storms are broken by the fresh breezes
from the far-off northern Sierras, one sees the departing clouds gather in threatening
masses about the hilltops, while the Bay spreads out at one’s feet, calm and rest-
ful after its little hour of tempest. When the time of great rains gives place to the
showers of early spring one scarcely knows which to delight in the more, whether in
the fair green fields, that slope down gently to the water, or in the sky of the west,
continually filled with fantastic shapes of light and cloud-nor does even our long dry
summer, with its parched meadows and its daily sea winds leave this spot without
beauty. The ocean and the Bay are yet there; the high hills beyond change not at all
for any season; but are ever rugged and cold and stern; and the long lines of fog, borne
in through the Gate or through the depressions of the range, stretch out over many
miles of country like columns of an invading host, now shining in innocent whiteness
as if their mission were but one of love, now becoming dark and dreadful, as when
they smother the sun at evening. So, while the year goes by, one is never without the
companionship of Nature. And there are heroic deeds done in eloudqand, if one will
but look forth and see them.

But I have here.., to speak not so much of Nature as of Life. And I shall under-
take to deal with a few problems such as are often thought to be metaphysical (where-
by one means that they are worthless), and are also often quite rightly called philo-
sophical (whereby one means that it were the part of wisdom to solve them if we
could). With these problems I shall seek to busy myself earnestly, because that is each
one’s duty; independently, because I am a Californian, as little bound to follow mere
tradition as I am liable to find an audience by preaching in this wilderness; reverently,
because I am thinking and writing face to face with a mighty and lovely Nature, by the
side of whose greatness I am but as a worm.

The naturalist who finally did come to San Francisco Bay was a very different sort of per-
son, a classical geologist trained in the field under John Wesley Powell, with an infinite capacity
for meticulous details. This was Grove Karl Gilbert (Fig. 3). He was called to undertake the study
of the effect of hydraulic mining in California when he was the senior geologist of the U.S. Geolog-
ical Survey, long past the time when he needed such an assignment in his career. The project was
generated in response to a memorial or resolution in 1904 by the California Miners’ Association
requesting an investigation into the possibility of resuming hydraulic mining. G. K. Gilbert came to

13
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SAN FRANCISCO BAY

California in 1905 to undertake the required study and was based at the Department of Geology
of ~e_ University of California; he worked much of the time in the field until 1908.

Gilbert quickly realized that an adequate study of the mining debris problem required under-
standing the processes of sedimentation and tidal action in San Francisco Bay. The result was that
his study, t’mally published in 1917 as Professional Paper 105 of the U. S. Geological Survey, was
also a study of San Francisco Bay; it constitutes the nearest thing we have to a base line analysis of
the physical characteristics of San Francisco Bay although it bears the title "Hydraulic-Mining
D6bris in the Sierra Nevada":

Through the interlocking of subjects my attention has been drawn to matters ap-
parently remote from problems of mining d~bris. Mining d~bris merged, both bodily
and in its effects, with d~bris sent to the streams by agriculture and other industries;
the aggravation of valley floods due to the dogging of channels by d~bris was insepa-
rable from the aggravation due to the exclusion of floods from lands reclaimed for
agriculture; the weakening of tidal currents at the Golden Gate by the deposition of
d~bris in the bays is inseparable from the weakening by the reclamation of tide lands;
and the attention given to these collateral subjects has not only delayed the comple-
tion of the report but has added materially to its volume.

Fig. 3. Grove Karl Gilbert. Photograph courtesy Harry S. Ladd.

14
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HEDGPETH: THE UNSUSPECTED ESTUARY

The Bay cast its spell over Gilbert in an even more romantic way than it had over Josiah
Royce. After the publication of Professional Paper 105, and although he was 74 years old, once
again he prepared to travel west, to take up a new life in San Francisco, to marry Alice Eastwood
and to raise a grandson. But his health had not been good for many years, an~i he died just as he
packed to leave (Pyne 1975).

Gilbert’s presence at Berkeley evidently aroused interest in the study of San Francisco
Bay among the geologists, especially the paleontologist John C. Merriam and the geologist George
D. Louderback, who in turn stimulated others. Therealso another contributing factor inwas
arousing interest in San Francisco Bay at the time, the obvious decline of the oyster industry

Fig. 4. Charles Atwood Kofoid. Photograph by Alden E. Noble.

(Barrett 1963). In any event, the stimulus for a comprehensive study of San Francisco Bay seems
to have originated with the geologists (E. Packard pets. comm.) and finally reached the organiza-
tional stage early in 1911 although at the time Professor Charles A. Kofoid (Fig. 4) was consi-
dered the prime mover, at least for the biological survey:

In February, 1911, The Biological Division of the University of California pre-
pared a series of recommendations looking to a biological survey of San Francisco Bay.
Correspondence was entered into with Stanford University and with the State Fish and
Game Commission of California, both of which organizations pledged their support to
the undertaking. A carefully prepared plan was at length drawn up by those chiefly in-
terested in the project, and this plan was submitted to the Bureau of Fisheries and to
the California delegation in Congress.

Attention was therein called to the value of the fisheries of San Francisco Bay,
and to the scanty knowledge of the biological and physical conditions upon which

"~’:~ their existence depended. From the more purely scientific standpoint, the importance
was urged of obtaining data upon which to base a handbook or series of monographic

15
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SAN FRANCISCO BAY

papers dealing with the local marine fauna and flora. Such a work would be of great
~- value to naturalists, as well as to those having economic problems more clearly in view.

The presence of the United States Fisheries steamer "Albatross" in the neighbor-
hood of San Francisco during a considerable part of each year suggested the most
practicable means by which such a survey could be conducted, and it was therefore
proposed that the federal Bureau of Fisheries should under’take the execution of this
project, in co-operation with the institutions named.

That Bureau assented cordially to the proposal, which had already been discussed
informally at a considerably earlier date. In October, 1911, formal approval was given
to the plan, under conditions prescribed by the Bureau of Fisheries. The execution of
the project was later vested in a board, consisting of the commanding officer and the
naturalist of the "Albatross", and a third member to be designated by the committee
representing the local institutions above mentioned. Professor C. A. Kofoid, of the
University of California, was chosen as the representative of the latter body, while the
other members were Commander G. H. Burrage, U.S.N., succeeded by Lieutenant-
Commander H. B. Soule, U.S.N., together with the senior author of the present report.

A definite programme of work was formulated, and some important additions to
the equipment of the "Albatross" were decided upon. Field operations were com-
menced on January 30, 1912.

This survey has been concerned almost wholly with San Francisco Bay, including
San Pablo Bay, though a considerable number of stations were dredged outside of the
Golden Gate, even to a point beyond the Farallon Islands...

In the deeper waters the "Albatross" herself was employed in these operations, in
the shallower waters a launch was used. In either case, however, the position of the
vessel was determined at various points in the course of a haul by means of a sextant
or an azimuth compass. With the launches it was, of course, impossible to employ any
of the heavier types of apparatus, so that the exploration of the extensive areas of
shoal water, so characteristic of San Francisco Bay, has necessarriy been much less
thorough than that of the navigable waters.

Even less attention has been devoted to the littoral (intertidal) zone, though col-
lecting parties visited the following points and obtained considerable material: Bonita
Point (pries of pier and on beach), Red Rock, Richmond, Key Route pier (off Oak-
land).

This limitation of the scope of our collecting operations has resulted from the in-
adequacy of the force avariable for such work, as well as from the necessity of restrict-
ing the amount of material accumulated for subsequent examination. It was early de-
cided that we must resist the temptation, to which so many collectors yield, of con-
tinning indefinitely the gathering of specimens, without regard for the likelihood of
compiling any scientific results of value.

It is fully realized, however, that a complete biological survey of these waters re-
quires the exploration of certain fields as yet scarcely touched, and it is hoped that
some of the more important of these gaps may be filled in before the preparation of
the final report. (Sumner et al. 1914).

The Albatross (Fig. 5), which was made available for these studies, was the first vessel built
specifically for research for any nation (if we except the interesting example of the two small ex-
ploring vessels built by Spain for the Malaspina expedition in the last decade of the 18th Century)
and was designed primarily for oceanic research (Hedgpeth and Schmitt 1945). She drew too much
water for inshore purposes, as indicated by the above quotation.

Among the members of the field teams to study San Francisco Bay were Waldo L. Schmitt
(1887-1977) and Earl L. Packard; the latter, who had come to the geology department to study
paleontology, was assigned the molluscs of San Francisco Bay. And he remembers that it was
Merriam who called attention to the innovative work of C. G. J. Petersen in Denmark. This at-
tempt to make a quantitative study of the benthos of San Francisco Bay, inspired by Petersen’s
work, was the first such application of the idea outside Denmark. Unfortunately, the gear selected,

16

C--049922
(3-049922



HEDGPETH: THE UNSUSPECTED ESTUARY

Fig. 5. The United States Fisheries Commission Steamer Albatross (from Hedgpeth 1945).

a cornmercial orange peel grab, was inappropriate, as it is even less reliable quantitatively than the
rectangular mouthed Petersen Gra~b (see Thorson 1957). However, it was selected primarily be-
cause it was ,available commercially and in those days of ecological innocence, was judged com-
pletely satisfactory:

So far as we know, ours is the first application to biological exploration of this
type of apparatus. After considerable experience, we can unreservedly recommend its
use for such purposes, at least in relatively shallow waters. Its chief advantage lies in
the taking of comparatively large masses of mud from a single spot, and particularly in
the penetrating power of the apparatus which renders possible the capture of deeply
burrowing annelids, lamellibranchs, etc. (Sumner et al. 1914).

The harm done by this selection and resulting enthusiastic recommendation has been incal-
culable. A careful reading of Petersen’s classic papers should have alerted even inexperienced inves-
tigators. A further disadvantage of the investigations was the restricted location of the sampling
stations. Because of the 12-ft draft of the Albatross, these were, for the most part, in the deeper

channels Of the Bay, and even the use of a shallow draft launch Ieft extensive areas of the Bay un-
sampled (Fig. 6).

~ Professor Kofoid had visions of a comprehensive series of monographs on the various orga-
nisms of San Francisco Bay, together with the studies of physical-chemical conditions. Several of
these were accomplished, notably Waldo Schrnitt’s Marine Decapod Crusacea (1921), the report on

conditions (Sumner et al. 1914), and Packard’s studies of moliusca (1918a,b). Because of
in river plankton, Kofoid encouraged W. E. Allen, then a high school teacher in Stock-

to undertake a study of the plankton of the San Joaquin River (Alien 1920).
grand scheme of studies and monographs, however, was not carried through. The chief
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Fig. 6. Station map of the Albatross investigations in San Francisco Bay (from Packard
1918a).
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The chief naturalist of the effort, Francis B. Sumner, had been delegated to the task because he
had just f’mished the biological study of Woods Hole (Sumner et al. 1913);he had no enthusiasm
for the work, and regarded it "from the standpoint of scientific achievement.., was [sic] dis-
tinctly low-grade ore. Not that the work was carelessly done. The methods employed were, I
think, reasonably accurate, and our labors were performed on the whole conscientiously. But the
results hardly ever rise above the purely descriptive plane. There is little in them on which to base
a scientific generalization of more than very limited scope." (Sumner 1945). Sumner maneuvered,
successfully, to move to Scripps Institution for Biological Research at La Jolla, under W. E. Ritter.
The active participation of the Albatross and her staff ended in 1914 when the ship was returned
to sea duty for studies in Alaska, the Pribilofs and the Gulf of California.

Apparently there was no momentum to carry on the original plan for comprehensive studies,
despite the flurry of activity associated with the marine borer outbreak of 1919-20 which resulted
in the appointment of a committee to study the marine borer problem in San Francisco Bay. C.L.
Hill and Charles A. Kofoid were the chairmen of this committee and the editors of the final report
(1927). Several papers were also published in University of California Publications in Zoology, in-
eluding analysis of hydrographic data in the Bay (Miller et al. 1928). The borer outbreak was asso-
ciated with drought conditions in California, which also stimulated agricultural interests and politi-
cians in Sacramento to consider measures to prevent future droughts. These concerns gained con-
siderable momentum by 1930 without any dear idea on the part of the agencies responsible for
water and fish conservation that San Francisco Bay, and its delta, was a large estuary.

After the salinity incursion of the late 1920’s several comprehensive and extensive engineer-
ing studies were conducted by the Division of Water Resources, and a joint state-federal committee
was set up to look into problems of water conservation, flood control or navigation. Biologists
were notably lacking from these deliberations, many of which were about the need to build some
kind of barrier to prevent the incursion of salt water into the agricultural lands of the Delta. The
fish could shift for themselves, according to a brief statement in Department of Water Resources
Bulletin 22:

Fishing industries above the barrier, if constructed, should not suffer for the rea-
son that, even though the .fish ladder which is an integral part of the structure, should
fail to function, the fish would not be prevented from entering the fresh water reser-
voir because they would have free access to it through the ship locks which, under
normal conditions, would be operated many times throughout each day and night.
(Young 1929:33).

Two years later, in Bulletin 28 on the Economic Aspects of the Salt Water Barrier, the Fish
and Game people were allowed the last five pages in a 445-page volume to state the case for fish
and to warn of the potential impact of such a structure. Not only would it alter salinity con-
dltions from a more or less gradual change or gradient to those of drastic and sudden change to
which most anadromous species could not adapt; it would also imperil the feeding grounds of
the Delta and upper bays:

The food supply for the young salmon and both the young and adult striped bass
.~. and shad might be seriously affected by the elimination of the tidal flow of brackish

water over the shallow mud fiats and in the sloughs of the upper bays. Adult salmon
do not feed after entering the bay so a barrier would not affect them as far as food is
concerned. This matter of food supply should be the subject of study, as it is possible
the rich feeding grounds in San Pablo and Suisun bays and tributary sloughs might be
eliminated if the present brackish water areas over the shallow mud fiats and in the

. sloughs were changed to fresh water or salt water above and below a barrier, respec-
tively. Such a change in conditions would have a profound effect on the minute
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marine life which furnishes the basic food supply for these migrating fish. (Scofield
1931).

Significantly, however, no studies were instituted and by the late 1930’s the decisions we
made to build Shasta Dam and, to enable the resumption of limited hydraulic mining, constru
debris dams as the rivers were assumed to be barren of fish, at least of desirable salmonids. Fie
studies of the streams were begun as the keyways of the dams were being blasted out. There tu~
ed out to be more salmon than most people thought, and hatcheries had to be built to replace
loss of spawning grounds upstream of the damsites.

Other plans were developed; about 1930 the idea of a Delta cross channel, a bypass arou~
the Delta for irrigation water to be diverted to the San Joaquin Valley, emerged. This was the
cestor of the Peripheral Canal. Yet, it was to be more than 30 years before investigations of
Delta environment were to be funded, and we began to obtain the ecological information th
should have been on hand before the engineering decisions were made (Kelley 1966; Turner
Kelley 1966).

In 1945 Governor Earl Warren called a conference on water developments in Californ.
Most of the people who attended were businessmen, directors of irrigation districts, enginee:
labor union representatives and the like. Among those agencies invited to participate were the Fi
and Game Commission, and under "miscellaneous" the University of California and Stanfo
University. Apparently no one from the universities except perhaps agricultural engineers, came
the meeting (Warren 1945). There was no formal statement from any scientist directly about t
potential effects on the aquatic environment of all the massive dams, diversions and in particui
the Delta cross channel. The position in behalf of the fish was stated by the chairman of the S~
Francisco Tyee Club on pp. 479-480 of the 510-page printed report. Part of this statement consi,~
of the direct quotations from biologists of the Fish and Game Department and the U. S. Fish a~
Wildlife Service although neither the individuals nor the agency submitted anything for the recor
Another statement, specifically concerning the proposed Iron Canyon Dam was presented for t!
record by the Salmon Conservation League. The water juggernaut continued to accelerate, its ro:
paved by environmental ignorance.

Among those respectfully heard at the 1945 water conference was John Reber (Fig.
producer of amateur theatricals, who from early youth had developed an elaborate plan to destr~
San Francisco Bay. His plan would simply dam off the north and south arms of the Bay and tu
the impoundments ultimately into fresh water that could be sent all over California, even throu
the mountains to Los Angeles. The broad dams would accommodate railroads and highways frc
the east bay shore to San Francisco and Matin County. Indeed, as he stated at the meeting,
ultimate plan was to "strearrdine" California.

John Reber was a familiar figure throughout California:

. . . Maps underneath his arm, he hiked from office to office, enlisting business-
men, publishers, political officials, military leaders. The plan was his Bible and he was
its prophet. In an emotion-charged voice he presented his idea to hundreds of clubs,
schools, churches, and civic groups. Chambers of commerce, women’s clubs, granges,
and farm bureaus passed resolutions in favor of the plan, and it became the subject of
countless laudatory editorials and articles. (Gilliam 1957:220).

All of this ultimately had one concrete result, the San Francisco Bay Hydraulic Model, cc
strutted in Sausalito by the Corps of Engineers, in part to test the Reber Plan but still activ~
used as a research too!. Although Reber was its most avid sidewalk superintendent during cc
struction, the bay model became the instrument, after its completion in 1960, that f’mally set t
Reber Plan to rest.
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Fig. 7. John Reber, preaching his gospel. Courtesy San Francisco Chronicle.

It is difficult, at this late date, to understand why or how this lack of interest in the Bay and
of understanding of its nature came about. Apparently Kofoid was unable to generate the interest
among his colleagues at Stanford that he had hoped, while those interested in the marine environ-
ment in his own department shifted their work to Scripps Institution. It is probably due, to no
small degree, to the famous "gentlemen’s agreement" of 1912 which resulted in emphasis of the
study of fresh water fish at Stanford and upland birds and mammals at Berkeley. According to
George S. Myers’ recollection (pers. comm.), this agreement was made between Joseph Grinnell
(Fig. 8), who was not even noticeably interested in shore birds and perhaps reluctantly included
the water ouzel in his purview since it did live in the mountains and was, after all, an aberrant
wren, and James Otterbein Snyder of Stanford whose principal concern was trout. A third party
of the agreement, John van Denburgh of the California Academy of Sciences, settled for the
pickled vertebrates, traditionally the reptiles and amphibians.

While one would not expect to f’md definite documentary evidence of such a modus vivendi,
letter from Joseph Grinnell to J. O. Snyder, in the Museum of Vertebrate Zoology flies under the

of December 20, 1912, does suggest a certain degree of conspiratorial understanding:

I am sending you by Wells Fargo Express a can of fishes. These are to be added to
your collections at Stanford.

This transfer must be considered as unofficial. Our policy does not countenance
exchanges; but I am deeply appreciative of your, also unofficial, act in giving us the

-~ condor bones!
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The fishes sent are more or less well preserved, some doubtless of no value what-
ever-to be thrown away. The specimens hail from various out of the way places so
may include some good things.

Should you wish to know more in regard to the exact locality, such information
can be furnished, in some cases, by reference to our field note books. I will gladly look
up any points you wish to know more about. (J. Grinnell to John O. Snyder, Decem-
ber 20, 1912).

This amiable division of material did not mean, however, that Grinnell opposed any possib
competing activity at Stanford. Quite the contrary; 12 years later he wrote a strong letter to R,

Fig. 8. Joseph Grinnall. Photograph by Alden E. Noble.

Lyman Wilbur, then President of Stanford University, endorsing the establishment of a museum
Stanford, naturally along the systematic-faunistic lines of the Museum of Vertebrate Zoolog.

Is there not a really profound need that permanent provision be made, of an
interdepartmental curator (and of funds at his disposal), who has the "museum con-
science"-whose primary duty it would be to preserve the wealth of natural science
materials which Stanford possesses, and who would promote their continued use by
research studen~ at home and elsewhere?

I will go one step farther and urge what I believe would be a justifiable move on
the part of your administration. Particularly with the higher vertebrate animals (fresh
water fishes to mammals); our native fauna is going. Drainage, irrigation, the pumping
of water from beneath seepage areas, deforestation, afforestation, limit grazing by
cattle and especially by sheep,-all those processes accompanying close settlement of
our territory-are resulting in profound faunal changes. Very many species are doomed
to extinction (dozens have already disappeared); right now is the time that record

¯ should be kept of what is going on. In the interests of future intensive study of the
problems involved, there ought to be preserved now, in more than one place, as com-
plete representations as possible of the original, endemic animal life.
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You may say that the Museum of Vertebrate Zoology here at Berkeley is per-
forming this function for California. I would say to this that we here, although I
believe we are doing about the best we can with our relatively limited means, can only
do a part of what demands immediate attention. Then there is another, and very
important, factor-that of insuring future scientific needs by having several centers of
accumulation. This means insurance against catastrophe. Treasure should not be
housed all in one place.

My second concern, then, after that for the safe preservation of what Stanford
University already owns in the way of natural history materials, is for renewed activity
in the accumulation of appropriate materials, in the interests of historical faunistics.
(J. Grinnell to Ray L. Wilbur, March 7, 1924).

The present status of Stanford University’s biological effort would sadden Grinnell. All the
collections have been consigned to other institutions and the Nobel prize syndrome flourishes on
the Farm. This reductionist trend was set in motion by C. V. Taylor, a product of the Berkeley
department of zoology, who was chairman of Stanford’s biology department during the 1930’s.

Much of the correspondence in the Museum of Vertebrate Zoology fries indicates that
Snyder and his ichthyological candidates at Stanford were relied upon for identifications of fish,
and matters continued that way until retirements and departures at Stanford left no systematist
on the staff. Grinnell then had a meeting with President Wilbur to insist that someone in California
had to teach ichthyology, and that Stanford should keep up the tradition established by David
Starr Jordan or the University of Califomia would have to take up the torch. He insisted upon the
appointment of George S. Myers or someone "equally good." Wilbur, who had had some experi-
ence as a vertebrate zoologist, agreed.

Later, after the death of Grirmeil in 1939, Tracy Storer began his ultimately successful cam-
paign to have an ichthyologist on the staff of the University of California, Berkeley. It had become
an intolerable situation when graduates of the state university were not qualified to take civil
service examinations for some positions in the state Department of Fish and Game because appro-
priate courses were not offered at Berkeley. Unfortunately the person selected, Paul R. Needham,
a specialist in trout and mountain streams, could not provide the broad background needed in
classical ichthyology as well as applied fisheries. After Needham’s death the effort lapsed and the
main branch of the state university system still is unable to offer a program for students who want
to learn about fish, and tangentially, about aquatic biology.

For many years the only course in the zoology department that might have an application to
the analysis of aquatic organisms in their environment was the one unit service course in identifica-
tion of organisms in domestic water for engineering students. This was usually conducted by some
deserving graduate student.

Some time in 1950 Alex Calhoun of the California Department of Fish and Game approach-
ed the Department of Zoology at Berkeley about undertaking a research project in San Francisco
Bay that would provide funding for some students, but he met with active lack of interest in the

i~.:. Chairman’s office. When I happened by in the hall just after this episode, he was bewildered by the
lii~erview and asked me if I knew of anyone who might be interested in working with Fish and

on the project. I told him that Frank Filice, like myself a somewhat belated student in the
had just asked me if I knew of such a possibility for supporting his students at the

of San Francisco. I introduced them, and thus was begun the second era of benthic
San Francisco Bay.

after these studies by Fflice in 1952-52 (1954a,b, 1958, 1959), the California De-
of Public Health instigated studies in the same part of the Bay, along the Richmond
The benthic survey, conducted in cooperation with the Department of Fish and Game,

out by Meredith L. Jones of the Department of Zoology in 1953 and in 1955-56.
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Jones became concerned with the accuracy and dependability of sampling gear and with the need
fo~sampling the same populations throughout the year to take account of seasonal changes (Jones
1961).

About this same time the Leslie Salt Company Financed a fellowship at Stanford University
for the study of the biological aspects of its salt evaporation ponds in the southern part of the Bay,
studies carried out by Lars Carpelan (1955, 1957). As a result, Carpelan developed a life-long in-
terest in the biological aspects of high salinity environments, although the biology department at
Stanford has remained predominantly non-environmental in its approach to the phenomena of
nature.

It is unfortunate that there was such a lag between Jones’ critical studies of sampling prob-
lems and their publication, for in 1958 the Sanitary Engineering Laboratory began its work under
contract with the California Water Quality Control Board. The investigators relied for the most
part on "Standard Meth6ds for the Examination of Water and Wastewater," a well known vade
mecum not distinguished for awareness of problems of ecological sampling, nor for that matter,
of the need for critical taxonomic (and curatorial) control of the organisms collected, in the stern
tradition of Joseph Grinnell.

The studies of the Sanitary Engineering Research Laboratory (SERL; see Pearson et al.
1970) have become, unfortunately, a classic example of the results of haste combined with lack of
ecological sophistication, engendered by limited time and the requirement to produce paper. They
were also unnecessarily expensive. Nichols (1973)has examined the results of these investigations
in some detail and it seems unnecessary to repeat the analysis. The SERL studies merged into
subsequent studies by Kaiser Engineers to develop a comprehensive waste water plan for the Bay.
The adoption of the Environmental Protection Act in 1970, followed by California’s similar
legislation, has stimulated all sorts of investigations, many of them to provide information for
environmental impact reports. Some of the more important benthic studies have been summarized
by Nichols (Table 1). Unfortunately environmental impact assessment studies are not necessarily
addressed to the most interesting and significant questions, or at least the contracts and budgets do
not permit seeking out the questions. They are not research but compiling and cataloguing, of the
sort that F. B. Sumner so quickly tired of after having done such a job once. Nevertheless, studies
motivated by the need to assess the effects of waste water and chemical discharges in San Francis-
co Bay will continue to be funded and will constitute the principal research activity for at least a
decade. The difficulties of studying the effects of domestic waste water discharge, in particular, are
emphasized by an anonymous drawing received in a plain brown envelope from Sacramento (Fig.
9)! The situation is not enhanced by a misplaced faith in the predictive value of such all-encom-
passing models as that proposed by Haven (1975). Such models, when prematurely applied to the
"real world" are simply muddles (Hedgpeth 1977).

The sanitary engineers did attempt one application of ecological theory, the diversity index
as a measure of the "health" of the environment (Pearson et al. 1967). What seemed to be a useful,
comparatively simple number turned out to be useless because there is no demonstrable relation
between "health" and diversity, and the index per se was invalid because of the variable number of
samples and uncertain identifications of taxa. Yet the index almost became a requirement of
waste-water discharge.

While efforts to study all aspects of San Francisco Bay have increased these last 20 years, it
is startling to realize that the term estuary was not applied to San Francisco Bay and Delta until
the House Subcommittee of Government Operations held its hearings on the "Nation’s Estuaries"
(I-Iedgpeth 1969). In Gilliam’s graceful profile of the Bay (Gilliam 1957), the term estuary is ap-
plied only to the tidal creek between Oakland and Alameda, a local, traditional usage. Perhaps this
has been part of the problem; we define terms according to our immediate experience and tiie
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TABLE 1. SUMMARY OF METHODS USED IN SURVEYS OF THE BENTHIC
ORGANISMS OF SAN FRANCISCO BAY. a

-.-Summary o[ methods used in surveys of the benthic organisms of San Francisco Bay, arranged
alphabetically by author

Number of
stations: Screen

Reference number of Sampler mesh size Count data Identification Bloma~$
samples at (area} (ram) level e*timate

each station ’
Alien (1971) ............... 23;3-7 ..................Ekman !.5 All species ..............All species ............Biovolume

(~0.02 m2). of species.
Aplln (1967} ............... 6;1 ........................

100~tnt ........

Not given All hut Dominant N ....
(~0.07 m=). small species.

organisms.
Brown and 27;1 .....................Ekman .............. do ..............None ......................Faunal types Do.

Caldwell (~0.02 rn=) . (crude}.
Engineers
(1954).

Brown and 10;2, Petersen ..............do ..............All species ..............All species ............. Do.
Caldwel| sampl~ (0.8 m:) or
Engineers combined, orangepeel
(1971).

Burton (1972) ............ 45;6 .....................Ekraan 1.0 .......................do ...........................do ............. Do.
(~0.02 mD.

California 65;1 ....................................do .........................42 All large; ..............do .............Biovolume
Department of subsamples of specle~.
Public Health of small.
(1954) ¯

California Water 6 areas, 8-14 6.4-1 Ponar .8 All species ............................do ...........D~Y weight
Resources Control stations per (~0.05 ra~). of speci~.
Board (1972a). area; 4.

Dederlan (1966) ......147;1 ........................Peter~en 1.6 ........................do ...........................do .............Biovolume
(~0.I mt) . of total sample.

Fflice (1954a, 460;3, Ekman ~1.0 ........................do ...........................do ............. Do.
b, 1958, saraple~ (~0.02 m~).
1659) ¯ combined

(shallow).
1 (deep) ......Petex~en (?) ....................~1.0 ........................do ............................do ............ Do.

Jones (1961) ............. 4;90 ....................22omra corer .417 All species ..............All species .............Biovolume
(~3 cm:t) . of species.

4;1 ......................Ekmau .417 .....................do ...........................do ........... Do.
( ~0.02 rn~).

Kaiser 20;2-4, 100 in.~ orange- .8 All speci~ All species Biovolume
Engineers sample~ peel (~0.07 m~) . in in of phyla.
(1966b). combined and s~bsamples, subsamples

inconsistently

a Reproduced from Nichols 1973, p. 11.

"Oakl ana Estuary" is of course no estuary at all, not even an estero. (See also Hedgpcth 1973,
¯ When Conomos et al. (1970) first demonstrated the upstream movement of seabed drifters

the Bay, the State Director of Water Resources, William Gianelli, said at the time that there
be some mistake, as water does not move uphill. But of course it does in an estuary. Con-

of the Joint Atomic Energy Commission commented that the findings had not
by a congressional committee. This suggests an interesting but impractical cri-

of scientific data.
they may not have had the word for it, the location of the null zone, or region of

in the estuarine system of Bay and Delta in the regibn between the con-
the rivers and Carquinez Strait would not have surprised such investigators as N. B.
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Scofield. However, t~mding a word for it does increase understanding of the processesas indic
in the work of Peterson et al. (1975). The concurrent investigations of the same phenomeno
the U.S. Bureau of Reclamation are summarized elsewhere in this volume (Arthur and Ball 15

When the San Francisco Bay Conservation and Development Commission (BCDC)was
blished in 1964, its first task was to study the Bay and to summarize knowledge of its physica~
biological characteristics in order to develop management plans. The reports generated by th
fort still remain for the most part in the grey literature of mimeographed or xerographed d
ments, possibly available at libraries. Most of them, especially the Fish and Game contributio

Fig. 9. The defecators (received in plain brown envelope from Sacramento).

fish and shellfish resources are based on extant published material. Some parts have been n
more available, especially the general ecological sections, in the handbook compiled by Dreisl
(1969).

It is disconcerting to realize from examining this material that the basic ecological info
tion was not on hand at the time to justify some of the management decisions being made. S
of the critical knowledge of current systems in the Bay as related to salinity exchange and disp
of pollutants has only recently been gained (McCulloch et al. 1970; Conomos and Peterson 1’
Imberger et al. 1977). In H. T. Harvey’s report for the BCDC, "Some Ecological Aspects of
Francisco Bay," as quoted by Dreisbach, there is an implicit reliance on the venerable ecolo~
concept that primary productivity must be greater than secondary productivity, which shoul
suspected as an assumption in estuaries because they are known to be nutrient traps. This is
ous from the importance attributed to cordgrass and the recommendation that marshlands
be increased in the Bay (with the welcome caveat that only native species should be used in
restoration). At the same time, however, Harvey cautions that "mud fiats should be retaine
their entirety at least until further studies point to their relative significance." The some~
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exaggerated faith in the significance of Spartina is based on the principal literature available at that
time, genera~ted from the studies of Georgia salt marshes, which are vely unlike the shoals and fiats
of San Francisco Bay. It is possible that in such a system as San Francisco Bay, mud fiats are more
significant than cordgrass marshes; at least they appear to be major factors in the secondary pro-
ductivity of the Bay as suggested by work of Nichols (1977). In a complex bay like San Francisco,
the primary production may be inadequate for all that thrives in the Bay itself, and hence it is ob-
vious that what is going on is related to exchange, accumulation, and retention of materials. The
same is evidently true for the Limfjord, site of the classic investigations of C. G. J. Petersen, and it
is these aspects of the estuarine ecosystem that are now the predominant concern of investigators,
as exemplified by the papers in this volume. The unfortunate aspect of this delayed understanding
is that most of the major management decisions that will affect the operation of this complex
natural system have already been made; indeed the seeds for such decisions as the mass diversion
of fresh water and discharge of waste water within the Bay, the Peripheral Canal, and the deeper
dredging of ship channels were planted by the ignorance of nearly 50 years ago.
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ANCIENT PROCESSES AT THE SITE OF SOUTHERN SAN FRANCISCO BAY:
MOVEMENT OF THE CRUST AND CHANGES IN SEA LEVEL

BRIAN F. ATWATER
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Several kilometers of sea water probably covered the site of San Francisco
Bay 150 million years ago. Motion of lithospheric plates fostered sedimentary
and structural accretion that subsequently transformed this oceanic abyss into
a landmass. The current episode of right-handed movement along the San
Andreas fault reflects sideways motion between lithospheric plates that began
locally during the past 10-15 million years. Concurrent vertical movement in the
vicinity of the Bay, though at least 20 times slower than displacement along the
San Andreas fault, probably created the bedrock trough that now contains much
of the Bay and closed a strait that once linked the site of the Bay with the Paci-
fic Ocean. Sediment beneath the floor of the Bay suggests that at least four
ephemeral estuaries have occupied the site of the Bay during the past 700,000
years. These estuaries presumably reflect global fluctuations in sea level caused
by exchange of water between oceans and continentaI glaciers. The present
estuary originated when the Pacific Ocean entered the Golden Gate about
10,000 years ago. Most of the growth of this estuary occurred during the next
5,000 years. Sites of human habitation contemporaneous with this episode of
rapid submergence have not yet been discovered in central Cafifornia, perhaps
because they now lie beneath the mud and water of San Francisco Bay.

Though recently transfigured by bridges, levees, and f’fll, the site of San Francisco Bay1 has
undergone far greater changes during the geologic past. Events recorded by local rocks begin
100-200 million years ago when the oldest of these rocks accumulated beneath several kilometers
of sea water. Since that time, the site of the Bay has hosted deep and shallow seas, stream valleys,
and hills, as well as estuarine embayments such as we have today (Louderback 1951; Taliaferro
1951; Howard 1951).

Many processes contributed to ancient geographic changes at the site of the Bay. This chap-
ter relates the evolution of southern San Francisco Bay to two major agents of Change: (1) move-
ment of the Earth’s crust during the past 150 million years, which largely built the bedrock foun-
dation that transformed the site of the Bay from ocean abyss to continental hi!is and valleys; and
(2) worldwide sea-level fluctuations during the past few million years, which have caused episodic
submergence and emergence of low-lying valleys and thereby created such ephemeral embayments
as .the present San Francisco Bay estuary.

CRUSTAL MOVEMENT

gists now attribute movement of the Earth’s crust near San Francisco Bay to the

The "San Francisco Bay estuary" refers herein collectively to San Francisco, San Pablo, and Suisun
; tidal marshes surrounding these bodies of water; and the Sacramento-San Joaquin Delta

et al. 1979; Fig. 2). San Francisco Bay, abbreviated "the Bay," borders San Pablo Bay about 7
of Pinole Point. The part of San Francisco Bay located south of the latitude of the Golden Gate

designated southern San Francisco Bay.

1979, Pacific Division, A.A.AS. 31
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Fig. 1. Elements of local, regional, and global history for the past 150 million years. Local
history refers to events and conditions recorded by rocks between southern San Francisco Bay and
the San Andreasfault (Graham and Church 1963; Dibblee 1966; Page and Tabor 1967; Clark 1968;
Beaulieu 1970: 41, 82, 97), Time periods indicated by bars give maximum probable ranges in age
for these rocks. Most of the rocks originated On or beneath the ocean floor. Depths of overlaying
water, inferred from such features as fossils and layering, imply multiple episodes of submergence
and emergence. No attempt is made to estimate local depths from the 60- to 80-million-year-old
rocks because, like some other rocks in we~stern North America (Swe and Dickinson 1970; Blake
and Jones 1974; Jones et al. 1977), they. may have migrated from a distant place of deposition,

32

C--049938
C-049938



,/

ATWATER: ANCIENT PROCESSES

motion of slablike pieces of crust and upper mantle called lithospheric plates (T. Atwater 1970;
Blake and Jones 1974). A boundary between plates has probably spanned or flanked ~he site of
San Francisco Bay during most of the past 100-200 million years. For much of this time a western
plate (or plates), composed partly of oceanic basalt and a veneer of oceanic sediment, may have
slid beneath a continental plate along a roughly north-south-trending zone of convergence. This
process, labeled "subduction" (Fig. 1), would have telescoped and imbricated large quantities of
crust and upper mantle at or near the site of the Bay. Resulting accumulations of rock would have
added substantially to the thickness of the local crust and helped to transform the site of the Bay
from an abyssal ocean to shallower seas and dry land.

Today’s right-handed displacement along the San Andreas fault and its branches reflects side-
ways motion between plates rather than subduction. In the vicinity of San Francisco, the current
episode of sideways motion (lateral movement, Fig. 1) probably began within the past 15 million
years.

Not all recent crustal movement, however, mimics sideways motion between plates. During
the past few million years, for example, the crust has risen along the Pacific coast and subsided at
the site of southern San Francisco Bay (Lawson 1914; Radbruch 1957; Christensen 1965;
Schlocker 1974: 72-74; Bradley and Griggs 1976; Atwater et al. 1977; Helley et al. in press). It is
not evident how much, if any, of this vertical motion occurred along known lateral faults. The
reasons for uplift and subsidence in the vicinity of the Bay likewise remain mysterious, although
one strong possibility is that lateral motion causes compression or extension of the crust where
faults diverge from the trend of horizontal plate motion (Crowell 1974; T. Atwater 1970).

It is tempting to depreciate the effects of vertical movement near San Francisco Bay over the
past 1 million years, because horizontal movement has been so much faster. While lateral offset
along the San Andreas fault has averaged about 10-30 m per millennium (see caption to Fig. 2),
subsidence at the site of southern San Francisco Bay and uplift along the Pacific coast to the west
.have averaged no more than 0.5 m per millennium (Table 1). Nevertheless, vertical movement has
contributed to geographic changes. Crustal subsidence, for example, largely created the bedrock
trough that contains much of the Bay (Lawson 1914; Louderback 1951; Atwater et al. 1977).
A likely consequence of the uplift was the closure of former connection between the Pacific Ocean
and the site of the Bay. This connection, located 15-20 km south of the Golden Gate, is evidenced
by marine sediments younger than about 0.5 million years that are situated as much as 50 m above
modem sea level (the Colma Formation of Bonilla 1971). If, as seems probable from oxygen-iso-
.tope records (Fig. 3), sea levels of the past 0.5 million years have not reached such high elevations,

,. then the former strait marked by these sediments has been uplifted. These examples imply that

Depths for long periods lacking a local rock record are estimated from depositional environments .
older and younger rocks. Zero depth indicates emergence from the sea. Important

processes of regional significance include motion of lithospheric plates (T. Atwater 1970; Travers
;1972; Blake and Jones 1974) and igneous activity in the Sierra Nevada (Evernden and Kistler 1970:

Lipman et al. 1972). Global changes include a gradual rise in sea level (Vasil’kosskiy 1973),
decline in temperature of sea water at high latitudes (Savin et al. 1975), and appearance

of organisms (McAlester 1968:87, 112, 123, 130). Italicized names denote some
whose living representatives are mentioned elsewhere in this volume: Coscinodiscus
common among estuarine diatoms; Macoma, the genus of clams now including the

M. balthiea; Cancer, generic name of the dungeness crab; and Homo, an evolu-
late-comer now represented by approximately 5 million humans near the San Francisco

Times of first appearance for these genera follow Wornardt (1972), Cox et al. (1969),
et al. (1969:509), and Leakey (1976).
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Fig. 2. Hypothetical geography of the San Francisco area 1 million years ago, assuming
ous rates of fifight-lateral movement along the San Andreas fault. Geographic reconstructions (B-I
were prepared by cutting a modem map (A) and undoing the lateral displacement that wou
result from 1 million years of movement at indicated rates. Except where modified for cart
graphic simplicity, diagrams B-D make no other changes in shorelines and do not compensate f~
deposition, erosion, sea-level changes, vertical crustal movement, or horizontal offset along oth
faults. Rates of displacement assumed in diagrams B and C span most of the range of plausib
values for movement along the San Andreas fault over the past several million years. Offset du~
the past 30 million years, as determined by matching distinctive rocks on opposite sides of
fault, averages about I-3 cm-yr"l (compilations by Grantz and Dickinson 1968; and Dickins<
et al. 1972). These rates overlap with estimates of historic offset, which average about 2.5-3
cm’yr"1 (Nason and Tocher 1970; Savage and Burford 1973). Appreciably faster movement (I
requires that the San Andreas fault accommodate most of the relative motion between boundh
plates, which averages about 6 cm-yr"~ (Vine 1966; Graham and Dickinson 1978). Such a mon
poly seems unlikely because the boundary between plates is considerably more diffuse than
single fault (T. Atwater 1970). Diagram D neglects relocation of fault movement on the San Fra
cisco peninsula; about 10-25 km of indicated offset would probably have occurred along an anct
tral trace of the San Andreas fault located as much as 7 km to the west, the present trace havi~
displaced 100-million-year-old rocks by only 25-40 km (Bailey et al. 1964:160; Dibblee 1966).
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the hypothetical maps (Fig. 2) may badly misrepresent the ancient landscape by ignoring the ver-
tical component of crustal movement.

CHANGES IN SEA LEVEL

People have long surmised that relative motion between land and sea helped to create San
Francisco Bay. Perhaps the oldest surviving statement of this hypothesis is the aboriginal tradition
recorded in the diary of Mariano Payeras (1769-1823), a California missionary:

"The day, May 28 [ 1818]. I left the presidio of N. P. [San Francisco] accompa-
nied by P. Luis Gil, and Captain Don Luis Arguello in a launch at about 11 o’clock in
the morning and from the wharf we came down as far as the middle of the port[.]
[W] hat is now the port of San Francisco was formerly according to the tradition of
the 61d ones an oak grove, and without water other than of a river that crossed at its
foot, and in evidence of this tradition, they say you still find in the port and marsh,
trunks and roots of oak trees" (Payeras 1818).2

Pioneer English-speaking geologists also surmised submergence of a bygone valley. Andrew
C. Lawson (1894) interpreted the numerous islands, peninsulas, and small embayments near
San Francisco as former hills, ridges, and stream valleys drowned by the sea. Inferring that San
Francisco Bay did not exist before this submergence, Lawson proposed that the ancestral drain-
age of the San Joaquin and Sacramento Rivers must have flowed through the Golden Gate to a
coastline situated some distance to the west. Grove Karl Gilbert (1917:16-24) deduced sub-
mergence not only from drowned topography but also from eroded shorelines and submerged
aboriginal middens.

During the past 30 years, geologists have learned about additional motion between sea and
land by searching beneath the floor of the Bay. Most of the evidence has come from core samples,
plugs of sediment that were collected by engineers to assist in the design of footings for bridges
and buildings (Trask and Rolston 1951; Treasher 1963; Goldman 1969). Constituents and proper-
ties of these samples, particularly their fossils, grain size, color, and density, commonly indicate
whether the sediment accumulated in an estuary or in a stream valley (Atwater et al. 1977). Inter-
preted in this manner, core samples suggest that estuaries and stream valleys-at least four of
each-have alternately occupied the site of the Bay during the past 1 million years (Figs. 3,4;
Wagner 1978:137-138). Thus, no fewer than three cycles of submergence and emergence preceded
the episode of inundation that created the present estuary.

Origins of Relative .Motion between Sea and Land

Global fluctuations in sea level caused by the exchange of water between oceans and conti-
glaciers are principally responsible for episodic submergence and emergence of the site of

Bay over the past million years. During glacial ages, sheets of ice as thick as several kilometers
large areas of land at northerly latitudes, particularly in northern Europe, Canada, and

parts of the continental United States (Flint 1971:73-80). In addition, smaller gla-
occupied alpine areas further south, including parts of the Sierra Nevada such as Yosemite

and Birman 1965). When this land ice formed, it withdrew large-quantifies of

i~_ 2 Bancroft (1884:247) equates aboriginal peoples with "the old ones", Spaniards with the antecedent of
and the whole of-San Francisco Bay with the "port of San Francisco". Payetas implies that the trunks

[ toots came from both evergreen and deciduous oaks ("eneinos" and "tobies").
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wa~r- from the oceans, and when it melted, the water returned. Resulting fluctuations in Sea level
measured as much as 100-150 m, spanned many thousands of years, proceeded as rapidly as 10-20
m per millennium, and probabiy overshadowed other kinds of motion between sea and land near
San Francisco (Table 1).

AGE ISOTOPIC COMPOSITION1 ESTUARtNE EVOLUTION    AGE
(thousands FORAMINIFERAL TESTS. DEPOSITION OF {thous(lnds
of yeors) EQUATORIAL MID-PACIF C NEAR HOMINIOS of yeors}

_~ m0 (o/..) Stoge SAN ?F~NCISCO
o

200 --

,,             °l]           ,Du=-"                        ’"19

200

400 ---

~s     ~ u

~

I
400

600 -- 600

800 -- 800

IO00 -- ~ 1000

PROBABLE
SEA LEVEL

Fig. 3. Probable ages of known estuarine sediment between San Francisco and Oakland. Let-
ters identify units of sediment labeled in Fig. 4. Thin vertical lines show range of likely ages as de-
termined from radiocarbon dates (unit L; Atwater et al. 1977), as estimated from the amino-acid
stereochemistry of fossil clams and oysters (unit N; Brian Atwater and John F. Wehmiller, un-
published data), as limited by the magnetic polarity and radiometric ages of volcanic ash (unit Q;
C. Naser pers. comm.); G. Dalrymple and M. Lanphere pets. comm.; Sarna-Wojcicki I976; I. Hill-
house pets. comm., and as required by superposition (unit M underlies sediment older than 40,000
years [Atwater et al. 1977], units N and O underlie unit M, as do units Q and R [Ross 1977]).
Bars attached to vertical lines represent time required to build thickest remaining part of unit(s) at
average sedimentation rates of 1 m (thick bars) and 3 m (thin bars) per millennium. Measured
thicknesses have been multiplied by 1.4 to correct for post-depositional compaction. Assumed
rates of deposition are typical average rates for unit L, computed from radiocarbon dates and sedi-
ment thicknesses reported by Atwater et al. (1977). The graph at left (Shacldeton and Opdyke
1976) shows the relative proportion of heavy (zsO) and light (z 6 0) oxygen in the fossil shells
(tests) of one-celled marine animals (foraminifera). Variable rates of accumulation have allowed
biological mixing and burrowing of bottom sediment to squash some peaks and accentuate othe~
(Schackleton and Opdyke 1976) so that changes in oxygen-isotope composition merely sugges~
the approximate frequency and relative magnitude of glaciation and sea-level change. ExcePt
where dated by reversals in direction of the Earth’s magnetic field, isotopic changes are
with time by assuming a constant sedimentation rate of 1 cm per millenium (Shackleton and
dyke 1976). Ranges in age for hominids follow summaries by Leakey (1976) and Tattersall
Eldredge (1977).
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~ ESTUARINE         .UNCONSOLIDATED ~ ~

~ STREAM AND WlND-BLOWI~ SEDIMENTS       ".~

~ :Ep:~)~(.KAGE IN THOUSANDS OF YEARS

MARiN ] "~,,’

SAN .’ ,
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Fig. 4. Genera~zed cross ~ection of some rocks and sed~ent near San Francisco. Front
modifies ~d eomb~es two s~tly ~fferent cross sections: one by Ross (1977), and the
by Atwater et N. (1977, sections A-A’). Both sections rely on samples and descriptions from
~les t~at explored the foundations of ~roposed bNdges, moles, and tunnels. Estu~e

~ent is keyed by letter to Fig. 3. Ranges ~ age for estu~e sediment below u~t M reflect
~e~ties ~ measurement rather than long epNodes of deposRion. Shore~es of the bay denote

tides e~ca 1850 (NiehNs and WriSt 1971).

If ice ages account for ~e fluetuat~g sea levNs, ~en what accounts for ~e ice ages?
foremost ~ong a multitude of ~eofles are motion of ~osphefic plates ~d ch~ges

~d orbit.
of ~osphefle plates promoted the ice ages by raft~g con~ents to N~ latitudes

Do~ 1956; Donn ~d Shaw 1977). About 50 ~l~on years ago, oce~s ra~er ~an
eove~ed ~e geodetic poNs of the Ear~. It seems u~kely that large ice sheets rout~ely

pal~ seas because ~e surface water was warm-peNaps 10-12*e (Sa~ et N. 1975;
to coruscation with low4atitude occas. ~ter, however, drifting cont~ents

~splaeed ~ese ~d seas ~d ~smpted interch~ge of pNar ~d equatoflN water. Re-
refrigeration of pN~ ~eNons apparently prepared these areas for eont~entN

~e orientation of the Ear~’s ~s ~d ~e shape of its orbit probably tfl~ered
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TABLE 1, SOME KINDS OF RELATIVE CHANGE IN LEVEL BETWEEN LAND AND SEA. MAGNITUDES AND RATES GIVE
ESTIMATES FOR THE VICINITY OF SAN FRANCISCO BAY DURING THE PAST ONE MILLION YEARS.

Principal Causes Maximum Typical Typical Oscillatory (0) ReferencesProbable Duration Average orMagnitude Rate Uni-directional (D)(m) (m’1000 yr-1)

Rise or fall of the sea1

Waves, swells 5 seconds

AstrOnomical tides 3 hours
Meteorological tides 5 hours, days, NA~

O Lisitzin (1974)atmospheric pressure, yearswind, river discharge
Astronomical cycles of tides 1 weeks, years

Exchange of H20 between 150 thousands of 1-20 O Flint (1971: 315-342)oceans and glaciers years

Reduction in area of oceans 1 billions of 0.001 D Vasll’kovskiy (1974); par-because of continental yearsaccretion; increase in vo- fial record shovcn in Fig.
lume of ocean water be- 1, this chapter
cause of liberation of water
from the earth’s interior

Subsidence or uplift of coastal
land1

Adjustment of the earth’s " 10 thousands of 0.1-1.0 O Bloom (1971); Clark et al.crust to addition or re- yearsmoral of sea water and (1978)
glacial ice

Vertical crustal movement 300 thousands and 0.5-0.5 D,O Bradley and Griggs (1976);probably related to motion millions of Atwater et al. (1977~Of lithospherie plates years
1 Motion referenced to a stable plane or point such as the center of the earth
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principal episodes of glaciation and deglaciation that have occurred since polar lands approached
their present positions. According to a theory named after one of its advocates, Mulutin Milanko-
rich, these astronomical cycles have periodically prevented the summer sun from melting all of a
winter’s snow at high northerly latitudes. Considerable support for the Mflankovich theory comes
from changes in the ratio of heavy (1 s O) to light (16 O) oxygen in fossil cells of one-celled marine
animals (Hays et al. 1976). It seems likely that, during the past one million years, these changes
have mainly reflected the oxygen-isotope composition of sea water (Shacldeton and Opdyke 1976:
459). The ratio of 1 s O to 16 O in sea water depends on evaporation and fresh-water input because
water containing 1 s O evaporates less readily than water containing 160. Thus, a high concentra-
tion of i s O in fossil shells (-~ 1 s O between 0 and 1, Fig. 3) implies the large glaciers and low sea
levels of the ice ages, and lower concentrations of 1 so (.~ 1 sO greater than 1) imply small glaciers
and high sea levels, such as we have today.

Legacies of Ancient Sea Levels

Ephemeral estuaries probably occupied low-lying areas at or near the site of the Bay each
time the sea approached its present level during the past 0.5-1.0 million years (that is, during most
odd-numbered stages in Fig. 3). Sediment from at least four of these estuaries has been found be-
neath the site of the Bay (Ross 1977; Fig. 4), and evidence of other estuaries probably remains to
be discovered or conf’umed. The youngest known estuarine sediment corresponds to the current
high stand of the sea (Figs. 3, 4: unit L, stage 1) and its immediate predecessor (unit M, stage 5).
Older sediment (units N, O, Q, P) cannot yet be assigned to a single isotopic stage because of un-
certainty about its age (Fig. 3, thin vertical lines).3

Crustal subsidence appears to have moved some estuarine deposits below the reach of glacial-
age streams, thereby limiting the erosion of units M, N, O, Q, and R during low stands of the sea.
The continuity, thickness, and depth of unit M, for instance, seem best explained by a downward
crustal movement of 20 m (Atwater et al. 1977). Older estuarine sediment also appears to have
subsided, though not fast enough to escape considerable erosion. Largely as the result of such
erosion, known sediment beneath the floor of the Bay records neither the full number nor the full
duration of Pleistocene high stands of the sea (Fig. 3).

Growth of the Most Recent Estuary

The episode of submergence that created San Francisco Bay began about 15,000-18,000
...years ago, when glaciers of the last ice age started their retreat (Prest 1969). At the onset of glacial
~retreat, the Pacific Ocean lapped against a shoreline located near the Farallon Islands (Fig. 6). In
^order to meet this shoreline, the combined Sacramento and San Joaquin Rivers must have flowed

the Golden Gate and traversed an exposed continental shelf. Some of the riverborne sand
reached flood plains and beaches on the shelf w~s probably swept by westerly winds into the

that covered much of the site of San Francisco and extended across the site of the
Oakland (Atwater et al. 1977). Southeast of these dunes was a broad stream valley in which

species of camel, horse, bison, and ground sloth (l-Ielley et al. in press).
of the submergence that transformed this landscape occurred earlier than 5,000 years

6). Initial migration of shorelines brought the rising sea into the Golden Gate about
years ago. During the next few thousand years, the newborn estuary spread as rapidly as

across low-lying areas in response to a rise in relative sea level that averaged nearly 2

]. F. Wehmiller, J. W. Hillhouse, Angel Sarna-Wojeieki, and I a~e refining the chronology of sediments
Ages shown in Figs. 3 and 4 will probably be revised by us and by others.
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AGE, IN THOUSANDS OF YEARS BEFORE PRESENT

Fig. 5. Changes in sea level relative to land during the past 10,000 years at the site of sc
ern San Francisco Bay (after Atwater et al. 1977). Boxes represent uncertainty in recke
former sea levels from radiocarbon ages and elevations of plant fossils from unit L ~(Fig. 4). ~
of the dated fossils originated as vascular plants in ancient tidal marshes. By analogy with "
modern counterparts (Atwater et al. 1979, Figs. 7, 10), these plants probably grew very clo:
contemporaneous sea levels. See Kvenvolden (1962) and Storey et al. (1966) for additional r~
carbon dates pertaining to changes in sea level at the site of San Francisco Bay.

cm’yr-1 (Fig. 5; Atwater et al. 1977). Thereafter, relative sea level changed more slowly bec~
by 5,000 years ago, glaciers had reached approximately their present size (Bloom 1971). Sub
gence since that date has averaged only 0.1-0.2 cm.yr"1 and probably includes a large compo
of crustal subsidence (Atwater et al. 1977).

The difference in rates of submergence before and after 5,000 years ago may influenc
apparent antiquity of human habitation in the vicinity of San Francisco Bay. Settlement o
Americas began at least 20,000 years ago, and by 10,000 years ago people inhabited much o
continental United States (Haynes 1969). However, no known archeological site in central
fornia appears much older than 5,000 years (Gerow and Force 1968:174). One way to appr
this problem is to assume that traces of the earliest central Californians have been covered b.~

rising sea. Given the rapidity of changes in sea levels and shorelines 5,000-10,000 years ago, sit
habitation located at that time along the shores of estuaries must now lie beneath mud
tidal water. Sites younger than 5,000 years, alternatively, postdate rapid submergence and w
therefore more likely escape total inundation (K. Lajoie pers. comm.).

How old, then, is the aboriginal tradition recorded by Mariano Payeras? If originate
people who actually saw the site of the Bay before widespread submergence, this tradition mu
nearly 10,000 years old. Such antiquity, though improbable, cannot be ruled out in ligl
Lajoie’s hypothesis. Alternatively, the tradition originated as entertainment or science ar
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people of the past 5,000 years. Too late to observe a stream at the site of the Bay, some of these
people may nevertheless have deduced its former presence; perhaps, like Gilbert and Lawson, they
read ancient history from soggy middens and drowned topography.

Sacramento ¯

SYMBOL AGE OF SHORELINE
(years before present)

125
5,000

IO,O00
15,000

i

Fig. 6. Approximate high-tide shorelines near San Francisco during the past 15,000 years.
The 125-year-old shoreline, based on compilations by Gilbert (1917:76) and Nichols and Wright
(1971), denotes the landward edge of tidal marshes before human encroachment or, where no
marsh was present, the high-water line circa 1850. Locations of older shorelines are estimated
by projecting sea levels of the past 15,000 years onto the land surface inundated by the growing
estuary during this time. We assume the following sea levels, expressed relative to present mean sea
level (Fig. 5; Flint 1971:321): 5,000 years ago, -8 m; 10,000 years ago, -55 m; and 15,000 years
ago, -I00 m. Topography of the ancient land surface east of the Golden Gate follows reconstruc-
tions by .Goldman (1969, pl. 3), the U. S. Army Corps of Engineers (1963, pls. 6-7), Carlson et al.
(1970), and B. Atwater, S. D. McDonald, and D. R. Nichols (unpublished data). Because of varia-
tions in abundance and quality of boreholes and acoustic profiles, these topographic reconstruc-
tions are most accurate for the southern arm of the estuary and least accurate for open-water areas

the northern part of the estuary. Topography of the ancient land surface west of the Golden
is inferred mostly from modern water depths as shown on NOS Nautical Charts 5402 and
Local adjustments uncontrolled by boreholes or subbottom profiles attempt to correct for

between modern bathymetry and ancient topography. Location of the 10,000-year-old
between San Francisco and the Farallon Islands depends greatly on such adjustments and

extremely speculative.
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PROPERTIES AND CIRCULATION
OF SAN FRANCISCO BAY WATERS

T. JOHN CONOMOS
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Differences in river and waste-water inflow and wind stress create contrasting
environments and dissimilar distributions of properties between the northern
and southern reaches of the San Francisco Bay system. A conceptual framework
describing the physical processes which control these distributions, although still
incomplete, is outlined.

The northern reach receives 90% of the mean annual river inflow and 24% of
the waste-water inflow. It changes from a partially mixed estuary, with a vertical
salinity gradient of 10 % o during high river inflow, to a well-mixed estuary with
a vertical salinity gradient of 3 % o during low summer inflow. The southern
reach also has seasonally varying water properties. There the variations are deter-
mined by water exchange from the northern reach and the ocean and by direct
waste inflow (76% of total Bay waste inputs). Salinity stratification is present
during winter, whereas during summer the water is nearly isohaline because of
wind and tidal mixing.

Our knowledge of transport mechanisms is fragmentary. The northern reach
has a permanent estuarine circulation cell that is largely maintained by the sali-
nity-controlled density differences between river and ocean waters. Although
wind variations alter this circulation, it is largely modulated by the timing and
magnitude of the highly seasonal river inflow. This nontidal circulation is nearly
equivalent to tidal diffusion in controlling the water-replacement rates in the
channels, which vary from weeks (winter) to months (summer). The southern
reach, in contrast, has seasonally reversing but sluggish near-bottom and surface
nontidal currents that are generated by prevailing summer and episodic winter-
storm winds and by winter flows of Delta-derived low-salinity water from the
northern reach. Although the diffusion of substances by the strong tidal currents
is notable, the relative importance of diffusion by strong tidal currents and the
episodic advective processes in controlling water replacement mechanisms and
rates has not yet been fully determined.

fr~ Studies of transport processes in San Francisco Bay, an estuary surrounded
I by a heavily urbanized area, conld now most profitably focus on water-te-
l placement mechanisms and rates because inflowing water dilutes unfavorable

[ anthropogenic substances and flushes them from the system. Of greatest im-
I portance are studies defining the effects of river inflow in modulating water-
/ residence time, not only because inflow is perhaps the dominant agent in thee
| modulation but also because man is able to control the inflow through massiv
~,~iver diversions.

Francisco Bay waters are mixtures of ocean, river, and waste waters. The compositions
relative fractions of these mixtures in the Bay change rapidly in space and time with changes

amounts and character of the source waters and with differences in the depth and degree of
and mixing. The constantly changing process of mixing is, in addition, modified by

precipitation.

© 1979, Pacific Division, AAAS 47

C--049953
C-049953



SAN FRANCISCO BAY

Knowledge of the distributions of water properties and of circulation and mixing of th~
~waters is essential to the understanding of environmental aspects of estuarine systems, particula

pollution problems. Our meager understanding of the hydrodynamics of the Delta-Bay syst,
(Fig. 1) has not come primarily from purely scientific investigations, but as an indirect result

0 40 80mi
I I I I I

0 50 lO0 km

( DELTA

FRANCISCO

t

Fig. 1. The San Francisco Bay-Delta system, its drainage basin, and the adjacent ocean.

man’s seeking to solve specific engineering problems such as arresting landward salt-water intrus
through the construction of barriers, defining levels to which fresh water discharges can be ~
nomically reduced without harmful effects, and defining dispersal characteristics of receiving wa
for the inflow of sewage from point sources (Table 1).

The purpose of this chapter is to serve as a background for the following chapters by synl
sizing our knowledge of the climate, water properties (such as temperature and salinity) :
hydrodynamics of the Bay system and adjacent ocean. Specific emphasis is placed on the effect:
riverflow, tides, and winds on circulation, mixing, and water-replacement time. Sedimentologi
chemical, and biological consequences of these physical processes are discussed elsewhere (Art
and Ball 1979; Cloern 1979; Conomos et al. 1979; Nichols 1979; Peterson 1979; Peterson el
1975b; Rubin and McCulloch 1979).
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TABLE 1. PREVIOUS STUDIES OF WATER PROPERTIES
AND OF HYDRODYNAMICS OF THE SAN FRANCISCO BAY

Topic Reference

Historical account of exploration Hedgpeth 1979

Bay-wide surveys of water Sumner et al. I914; Miller et al. 1928; Storrs
properties et al. 1963; Selleck et al. 1966; Conomos

et al. 1979

Salt-intrusion and salt barrier Young 1929; Edmonston and Matthew 1931 ;
studies Arthur and Ball 1979

Current-metering studies Disney and Overshiner 1925; Mariner 1926;
Grimm 1931 ; Corps of Engineers 1963; Peter-
son et al. 1975a; Cheng 1978

Bottom and surface drift studies Conomos et ai. 1970, 1971; Conomos 1975;
Conomos and Peterson 1977

Dispersion studies (in field and/or Bailey et al. 1966; Lager and Tchobanoglous
physicaI models) 1968; Nelson and Lerseth 1972; Kirk_land and

Fischer 1976; Imberger et al. 1977; O’Connell
and Walter 1963

Numerical modelling studies Nelson and Lerseth 1972; O’Connor and Lung
1977; Waiters and Cheng 1978; Festa and Han-
sen 1976, 1978; Peterson et al. 1978; King and
Norton 1978

PHYSICAL SETTING

The San Francisco Bay estuarine system is a complex of interconnected embayments,
sloughs, marshes, channels, and rivers (Fig. 2). In the context of this chapter, the Bay system is
comprised of the Delta, receiving the waters of the Sacramento and San Joaquin river systems, and
the Bay proper, into which the Delta waters flow. Geographically and hydrodynamically the Bay
can be thought of as two reaches, the northern, which passes south and westward from the Delta
through Suisun and San Pablo bays, and the southern (also called South Bay), which extends
southeastward towards San Jose. They join in the Central Bay near the Golden Gate, the connec-
tion with the ocean.

The water properties of these interconnected features, as well as the nature and mode of cir-
and mixing, change continuously in response to the topographical features of the system

to the effects of wind, river inflow, salt and heat input, and tides.

Bathymetry

The Bay is relatively shallow, having an average depth of 6 m at mean lower low water
(Table 2; Fig. 3). Broad expanses of the bay floor are incised by narrow channels that are
10 to 20 m deep. The deepest sections of channel, such as the Golden Gate (110 m) and
Strait (27 m), are topographic constrictions whose depths tend to be maintained by

currents.
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"----’-~10 -- LINE OF EQUALWATER DEPTH
WHERE CHANNEL DREDGED

ISO~ATHS IN METERS YOLO BYPA$S~

N

SAN                                                              PITTSBURG     SAN

CONTRA COSTA CANTAL

GATE TRACY

Fig. 2. The Bay system comprises Suisun Bay, San Pablo Bay, and San Francisco Bay,
herein termed San Francisco Bay.. The northera reach is Suisun Bay, San Pablo Bay. and the
ern part of San Francisco Bay (to the Golden Gate). The southern reach is San Francisco
south of the Golden Gate. Station numbers are established hydrographic stations occupied b
Geological Survey at near-monthly intervals from 1969 to present (Conomos et al. 1978).

In its natural state, 100 years ago, the Bay had a surface area of approximately 1.97
m~. Shoaling caused by the influx 0f hydraulic-mining debris (Gilbert 1917; Atwater et al.
Krone 1979) and the diking and Filling of marshes (Nichols and Wright ]971) have decr,
its surface area by 37% to its present 1.24 x 109 m~. Recent concem for the shrinking
stimulated control over additional proposed filling.
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TABLE 2. GEOSTATISTICS OF SAN FRANCISCO BAYa

Value

Area (MLLW)b 1.04 X 109 m2

Including mudflats 1.24 X l09 m2

Volume 6.66 X l09 m3

Tidal prismc 1.59 X 109 ms

Average depthd 6.1 m
From hypsometric curvee 2 m

River discharge (ann~ual) 20.9 X 109 ms

Delta outflow~ 19.0 X 109 ms

All other streams 1.9 X 109 ms

gTaken in part from Conomos and Peterson (1977)
Planimetered from Fig. 3; at MLLW

~From Edmonston and Matthew (1931)
Volume divided by area; at MLLW
Obtained graphically from hypsometric curve and includes mudflats (Fig. 3)
From FederM Water Pollution Control Administration (1967)

Fig. 3. Bathymetric chart of San Francisco Bay compiled from National Ocean Survey charts
8651, 18649, 18654, 18656, and 18645. Datum is mean lower low water. Hypsometric curve

constructed from bathymetrie contours, and includes mudflats. (After Conomos and Peter-
,.~,1977).
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SAN ~RANClS¢O BAY
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Fig. 4. Mont~y distribution of precipitation (A), evaporation (B), and n~t precipitation
Data averaged from various stations ~ the Bay re,on du~g various time spans (modified

Cl~ate

The Bay waters ~d ~ biota ~ey support ar~ greatly affected by ~ sun ~at prom.
photosynthesis and wa~s ~e large ~ow areas (Fig. 3) ~d by ~e ~nd ~at blows owr t
surface. ~us, to underst~d some of the basic bJolo~c~ ~d physic~ mech~sms ~at are
on~ needs some idea of th~ c~mate, particularly how ~e ~d ch~ges ~ streng~, ~rection
duration.

Su~er ~ c~ntr~ C~fomia is d~ becaus~ the ~grat~g Pacific hi~ pressur~ ~a
sto~s to the nor~. In winter ~s ~ decreases in ~tensity ~d moves sou~ward so ~at i
longer blocks the ~t~sion of moisture-lad6n lows (Fig. 4A). Occasion~y, ~es~ ~nt~r
arrive as a s~d~s of sto~s ~at move ~ from ~ southeast ~d produce g~ ~nds, hea~
~d larg~ ch~ges ~ barometric pressure. Th~se successiw lows produce 2- to 5-day pefio~
sto~y w~a~er ~at ~ternate ~th 7- to 14-day periods of pleas~t wea~er. Occasion~y,
ever, hea~ r~ns p~rsist over 7- to 10-day periods.

~ ~ S~ Fr~cisco Bay ~d D~lta re,on ~e c~ate is more va~abl~ because of ~e eft
of Ioc~ topography ~d the continuous ~teraction ofmafit~e ~d cont~ent~ ~r masses
1970). The c~ate of S~ Fr~cisc0is do,hated by ~ oce~, ~d so it enjoys wa~ w~
cool supers, ~d sm~ s~ason~ t~mp~rature ch~g~s (Fig. 5; Gleam 1962). In contrast,
areas have a cont~ent~ c~mate ~ wa~er summers ~d colder w~ters. The c~mate ow~
Bay is tr~sition~ between ~ese extremes, but it is ~so affected by ~e influence of loc~ t,
graphy on ~r-circulation patterns.

The re~on~ ~rflow is from ~ west or hot,west dudng su~er (Fig. 6). Dung ~

52

C--049958
G-049958



CONOMOS: PROPERTIES AND CIRCULATION

MEAN MONTHLY TEMPERATURE
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MEAN MONTHLY TEMPERATURE

Fig. 5. Temperature-precipitation relationst~t)s at San Francisco and Stockton. MontIdy
means, 1931 through 1960. Data from Nationai Weather Service.

however, when storm centers pass to the south, the winds often blow from the east or southeast.
The local terrain funnels and deflects these winds from the prevailing direction (see, for example,
deviation of Pittsburg [PITT] data from averages for other stations). Wind speeds increase in the
funnels but. decrease markedly downwind (compare the wind velocities at the San Francisco Air-
port [SFO], which lies at the end of the Colma Gap wind funnel, with those at Oakland [OAK] or
Sunnyvale [SNVL] [Fig. 6]).

The prevailing southwest summer wind is reinforced by a pressure-gradient-induced move-
ment of air caused by the solar heating of the air masses in the interior (e.g. Stockton, Fig. 5). This
heating effect is greatest during the day and causes a marked diurnal as well as a seasonal pattern
in the wind strength (Fig. 7).

These strong winds are important within the Bay, for they exert stress on the water surface
which transports water and creates waves. The waves, in turn, resuspend sediment .(Krone 1979),
and mix and oxygenate the water (Peters0n 1979). Prevailing summer winds generate waves, with
largest of the waves having periods of 2 to 3 seconds (Putnam 1947) and wave heights exceeding
one meter (Fig. 8). During winter storms, however, in areas with long fetch, 5-see waves can be
generated. Seaward of the Golden Gate, swells with periods 8 to 12 see are common during sum-
mer, whereas during winter, 18-see waves are common’(National Marine Consultants 1960).

Evaporation from the surface of the water is very effective in raising the salinity in the shal-
low areas of the Bay. It is of such magnitude that salt production is economically feasible in the

reach. The approximate annual evaporation rate is 120 cm-yr"I, with the greatest month-
rates (16 to 18 era) occurring during summer (Fig. 4B). This summer maximum is promoted by
high insolation (Conomos et al. 1979, Fig. 3), air temperature (Fig. 3), and wind speeds (Fig.

found during these months. The high evaporation and low precipitation create a large net water
(negative net precipitation rate; Fig. 4C) and increase the salinity of the surface waters.

River Inflow

Francisco Bay receives runoff from a 163,000-kin~ drainage basin (Fig. 1) which covers
area of California. Ninety percent of the water enters the Bay through the Delta

most of the Bay is separated from the basin by a mountain range (porterfield et al. 1961).
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Fig. 6. The cross product of wind direction and frequency at Pittsburg (PITT), San Franc~
International Airport (SFO), Oakland International Airport (OAK), and Sunnyvale (SNVL), 1’
through 1975. Vectors point to the direction from which the wind was blowing. SFO, OAK
SNVL data, from the National Weather Service, indicate the percent time of calm (in circles). P~.
burg data, courtesy of Dow Chemical Company, do not include calculations of calm periods.

This basin is drained in the north by the Sacramento River and its tributary streams (I
ther, Yuba, Bear, and American), in the south by the San Joaquin River system (includes Mer~
Tuolumne, and Stanislaus), and in the east by the east-side streams (Mokelumne and Calav.
river groups; Fig. 1). T~ese river systems contribute 80, 15 and 5%, respectively, of the inflo~
the Delta. The inflow is highly seasonal (Figs. 9, 10A)and is composed of rain runoff during ~
ter and snowmelt runoff during early summer. The major rivers are dammed for flood con1
water storage, and hydroelectric power. The water that spills over the dams or that is released l
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Fig. 7. Average hourly wind speeds expressed in m-sec"~. Upper panel: San Francisco, 1891
through 1910. Lower panel: Oakland, 1930 through 1936. Figures modified from unpublished
municipal studies. Data from National Weather Service.

flows into the Delta, where it is then controlled by internal use and massive diversions for irriga-
tion, industrial and domestic uses (.Fig. 11).

Direct measurements of outflow from the Delta into the northern reach of the Bay cannot
be made because of difficulties introduced by tidally reversing flows and the complex geometry of
the chan_nels (Smith 1969). In lieu of actual measurements, the U. S. Bureau of Reclamation calcu-
lates a Delta Outflow Index (DOI) by subtracting water exported, used within the Delta, and lost
by evaporation from measured flow to the Delta (Table 3). The resulting outflow value (DOI) can
be in significant error during both l~gh and low river inflows (Fig. 12) because of the exclusion of
inputs from Yolo Bypass and east-side streams. During summer, when the inflow and removal terms
are nearly of the same magnitude and the excluded east-side stream discharge becomes relatively

ALCATRAZ ISLAND CARQUINEZ STRAITS
JAN 1951- DEC 1951 JAN 1951-JUL 1952

AU~ ~ I V/I
SEP [ ~ Y/////////////////////A I F/////////~

~ .ov [ ~ I VIIIIIIIIIIIIIII.�~

Fig. 8. Seasonal variations in heights on wind waves, Alcatraz Island and Carquinez Straits.
modified from unpublished U. S. Coast Guard data.
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Fig. 9. Net Delta Outflow (NDO) as expressed statistically in daily (A), 5-day running mean
(B), 5-day mean (C), and monthly mean (D) outflows. Panel D also compares the mean monthly¯ NDO index with the Delta Outflow Index (DOI): large differences during peak flows are caused by

’!i the Yolo-Bypass contributions that are not included in DOI. Data sources are listed in Table 3.

important, the error may be as great as 50% (Fig. 13; see also Arthur and Ball 1979 and Bali and
Arthur 1979). In winter, during sustained high flows (>1500 m3-sec’l), the water flowing into the
Delta through the Yolo Bypass, a flood-control canal (Figs. 2~ 11), is nearly equal to flow in the
river channel (Figs. 9D, 12A). A more comprehensive measure of Delta outflow, termed Net Delta
Outflow (NDO), is presented herein (Table 3). It consists of the data used in the DOI and includes
discharge of Yolo Bypass and east-side streams.

As noted above, non-Delta inflow to the Bay is about 10% of the annual river inflow
(Fig. 9B). The Napa and Petaluma rivers (Fig. 2) provide local drainage to the northern reach
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DELTA ,OUTFLOW
3oo0 (1969-77)
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Fig. 10. Monthly means of river inflow: Delta Outflow Index (DOI), 1969-1977 (A), calculat-
ed by the U. S. Bureau of Reclamation. Southern-reach streams (Fig. 2), 1969-1977, including San
Jose sewage inflows, which average 5 m3-sec"1 (B). Stream discharge from U. S. Geological Survey;
sewage data courtesy of San 3ose-Santa Clara Water Pollution Control Facility.

!~ (Porterfield et al. 1961). Because their discharge is small compared to Delta outflow, and because
their effects on the Bay waters are commonly masked by those of the Delta, they are often ig-

i noted in calculations of total inflow to the Bay. In the southern reach, all tributary streams are of

;~ SACRAMENTO
RIVER INFLOW

YOLO
BYPAS.~

NET DELTA
OUTFLOW NET CONSUMPTIVE USE
~<
TO BAY

EAST SIDE
STREAMS

TRACY

SAN JOAQUIN
RIVER INFLOWTOTAL EXPORT

1 l. Schematic diagram of Delta water balance modified after Orlob 1977.
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Data source Flow contribution

Delta Outflow Index-DOI (U. S. Bureau of Reclamation)

River discharge
Sacramento River (at Sacramento) +
San Joaquin River (near Vernalis) +

Exports
Tracy pumping plant      -
Contra Costa Canal                                      -
Clifton Forebay                                         --

Net local use +

Net Delta Outflow-NDO (This study)

River Discharge

Sacramento            Sacramento River (at Sacramento) Weir +                +
San Joaquin River (near Vernalis) +
Yolo Bypass +
Putah Creek +
East-side streams +

Cosumnes River
Dry Creek
Mokelumne River
Calaveras River

Exports
Tracy pumping plant                                   -
Contra Costa Canal                                    -
Clifton Forebay                                         -
Putah South Canal                                     -

Net local use +

a River discharge data from U. S. Geological Survey (1977a, b); U. S. Bureau of Reclamation furnishes
unpublished export and local-use data.

local drainage and are intermittent. During summer, sewage water inflows to the southern reach
exceed the natural stream inflows (see Conomos et al. 1979, Fig. 10). Indeed, while the southern
l~eh receives 10% of the mean annual river runoff it also receives 76% of the total waste-water

~.inflow to the Bay.

Tides

tides in the Bay are mixed and semidiurnal: two cycles (two low and two high tides)
tidal day (24.84 hrs), and the highs in each cycle are usually quite different in height

lows also differ in height (Fig. 14B; Disney and Overshiner 1925). Tide-height differences
within a lunar month, from nearly equal tides (equatorial tides created when

’t~’no lunar declination with the earth’s equator) to a maximum difference (tropic tides be-
lunar declination) of over 1.5 m within a lunar day. In addition to this daily in-

in successive high tides or low tides, there is a fortnightly change in absolute tidal range.
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NET DELTA OUTFLO£/

1968-1976

LO~ OF DELTA OUTFLOW

Fig. 13. Percent relative error in Delta Outflow Index (DOI) as a function of Net Delta O
flow (NDO). Daily values are from sources listed in Table 3 and are plotted in Fig. 12A. The la:
positive error at high NDO values is caused primarily by the exclusion of Yolo Bypass flow fr(
the DOI computations (Table 3). The positive error at low NDO is caused partly by the exclusJ
of east-side streams whose contributions can total 10 to 25% of the total inflow to the De
during summer. The negative error at low NDO may b~ attributed to the preliminary nature
some of the data: the USBR may subsequently revise the most recent data by as much as
m3-see-1 before final publication.

Spring tides occur near the times of full and new moons and have the highest tidal range of ~
lunar month. During the first and third quarter, the tidal range is least; these are called neap rid

Because of the complex geographic and bathymetric configuration of the Bay, there J
spatial variation in mean tide elevation and tidal range (Fig. 14A). The mean tide level is 0.2
higher in the northern reach, but the tidal range is greater in the southern reach (2.6 m at
southward boundary as compared to 1.7 m at the Golden Gate and 1.3 m at Pittsburg). ~I
Bay-wide tidal range, large relative to the average water depths, creates a tidal prism that is 24~
the Bay volume (Table 2). The configuration also creates different types of tidal waves in
different reaches. A standing wave oscillates in the southern reach,, whereas a progressive w
propagates through the northern sector. Because a standing wave propagates faster than a prog
sive wave, high tides appear earlier at a given distance from the Golden Gate in the southern re
than the northern (see also Dyer 1973, Fig. 2.5).

The Coastal Ocean

Together with river inflow, exchange across the ocean boundary profoundly affects
properties and circulation of Bay waters. Like the rivers, the coastal ocean experiences seasc
changes..The characteristics of the adjacent ocean are largely determined by the strength and 1c
tion of the Pacific high-pressure cell. The prevailing northwest summer winds drive the mean,
ing, diffuse California Current as it flows southeastward at the surface (Reid et al. 1958). At de
(’> 200 m) a countercurrent flows northward. These summer winds transport surface water
shore, inducing deeper waters to upwell to the surface. During winter, when the prevailing wind
rection shifts to the south and southeast, the northward flowing Davidson Current moves adjat
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land opposite to the California Current, which now is located farther offshore. The surface currents
and upwelling introduce and mix several water masses with differing characteristics, and thus

_ determine the character or ambience of the coastal water that is carried into the Bay by tidal and
/estuarine circulation.

Temperature and salinity are nearly constant throughout the year below 400 m, whereas at
300 m, development of the thermocline (a relatively strong vertical [negative] temperature gra-

~o
dient) during summer causes seasonal temperature variations (Fig. 15). The base of the permanent
alocline (a well-det~med vertical [positive] salinity gradient), at 200 m, marks the lower boundary
f the integrated effects of river runoff from western North America (Roden 1967). We!l-deEmed

seasonal variations, modulated by solar heating, upwelling, and dilution by coastal-river inflow and
i, by precipitation, are readily apparent at 50 m.

During summer the salinity is high (33.2 °too) because of the low river discharge and the lack
of precipitation. Water temperatures are high (13-14°C) and density stratification caused by sum-

l iner solar heating persists through fall (October-December). During winter (January-March) tem-
.peratures are lowered (12,5°C) and the thermocline is destroyed by wind mixing. A well-mixed
surface layer is created and a halocline is formed by a slight depression of surface salinity by preci-

i Pitation and high coastal-river runoff (particularly Delta outflow). Continual runoff during spring

|

DISTANCE FROM GOLDEN GATE (kin)

HAN HIGHER HIGH WATE~

...... LOWEST TIDE

z4oo~ o o doo aCiD ’1600 2400
5 AUGUST !952

14. Tidal characteristics of San Francisco Bay. Mean tidal ranges (A), arid Golden Gate
tidal curve showing mixed semi-diurnal tide, 5 August 1952 (B), Both panels modified

8. Army Corps of Engineers (1963).
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Fig. 15. Seasonal temperature-salinity (T-S) relationships for the ocean adjacent to
Francisco Bay (1920 through 1970) and at the Golden Gate (1949 through 1970). This plot, a"
diagram, specifies the water density at atmospheric pressure (at) and is routinely used to dis
guish water masses and to indicate the relative water-column stability. Ocean data (salinities
°/oo) are from Churgin and Halrninski (1974) and include the area bounded by 36-38°N, 121-1:
W. The four Golden Gate data points (salinities ~<32 % o) are from National Ocean Survey unp
lished data. Positions of water types SAPW (Subarctic Pacific Water), ENPCW (Eastern North P
fie Central Water) and PEW (Pacific Equatorial Water) are taken from Sverdrup et al. 1942.

(April-June) maintains and deepens the halocline, but solar warming of the surface layers and m:
tenance of lower temperatures in the deeper (40-50 m) waters by coastal upwelling begin to ere
a thermocline. Continuing solar heating further develops the thermocline during summer (J~
September). These temperatures are relatively iower than those during fall because of the contin
upwelling. The halocline dissipates because of the diminution of river inflow and precipitat

Because of the shallow (15-m) sill formed by the bar at the Bay entrance (Fig. 3), the up
most waters of this 50-m surface layer are most readily available for exchange with Bay wal
Water movements in the Gulf of the Farallones are complicated and undefmed; they are affe~
by tidal currents, local upwelling, and the irregular bottom and coastline. The temperature
salinity of these waters during the annual cycle are intermediate between the averaged values al
Golden Gate and in the ocean (Fig. 15).

WATER PROPERTIES AND STRUCTURE

For simplification, the seasonal changes of the salinity and temperature fields in the Ba:
discussed separately, and the typical summer and winter ’distributions of each p~operty
presented in a generalized longitudinal section. Because of the highly variable character of
outflow, which primarily affects salinity, atypical conditions in "dry" and "wet" years are
discussed. Although water temperature has considerable seasonal variation, it is of little
tahoe in water circulation because it has only a small effect on water density.

Salinity Field

Both ocean-Bay exchahge through the Golden Gate and river inflow determine sea:
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A WATER TEMPERATURE ~(1969-77)
~AEDIAN /1

AL~EDA

0 N D J F M A M J J A

Fig. 16. Nean mon~ly near-surface water temperatures (A) and sa~nities (B) at Alameda
~nd the Golden Gate, 1969 t~ou~ 1977. These unpub~shed data, from NationN Ocean Su~ey,
~re not eo~ected for diurnal tidN variations.

~ecause the five~ ~flow varies ~dely (Fig. 12A) ~d ~e oce~ s~Nties va~ by only 3 °N. (Fig.
15). ~e s~ity of ~e near-surNce water ~ ~e centrN part of ~e Bay varies approx~ately
¯ e~ely ~ fiver inflow and particularly that from ~e Delta ~cCu~och et N. 1970; Fig. 12B).
S~i~ data (Figs. 12B, 16B) at ~eda ~d ~e Golden Gate show ~e relation between station
l~eation ~d ~e relative ~fluences of fiver inflow ~d oce~-Bay exeh~ge. The consistently
~ ~N~ities at ~e Golden Gate are contro~ed more by exch~ge ~ N~ sN~ty ocean water
¯ ~ by d~ution by Delta outflow. Note surpris~g, however, ~ oce~ ~fluenee is relatively locN
~d does not have as much effect on N~eda. ~eda, N~ou~ much Nrther from ~e Delta
~ f~om ~e oce~, is stronNy ~fluenced by Delta outflow (Fig. 17).
~=. ~e do~n~ce of Delta outflow over stre~s ~ ~e sou~em reach ~ dete~i~ng ~e

~ field ~rou~out ~e Bay ~s apparent ~ lonNtud~N sections (Fig. 18). The nor~em reach has

s~iW gradient r~g from less th~ 1 ~/.~ at the Delta to 32 ~/~. at the Golden
ve~ieN s~ity gradient typic~y has differences of 5 *]~ dung w~ter (Fig. 18A) ~d

dung su~er (Fig. 18D-F). Dung a wet winter, however, verticN ~fferences of more
~0 "A~ have been recorded (Fig. 18B). Seawater ~trudes l~dward of ~e confluence of
,,    ~d S~ Joaqu~ rivers dung d~ summer periods, whereas dur~g ~e pe~ w~ter

water of ~ese s~ities is forced seaward over a 50-~ dist~ce to eastern S~ Pablo Bay
et ~. 1975a). Waters of ~te~ediate s~ity (15 °Ao) are found from Carqu~ez StrUt

~to ~e Golden Gate (w~ter).
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DELTA OUTFLO~

1968- 1976
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Fig. 17. DaVy ne~-su~face s~ty at ~ameda as a function of davy Net Delta
~DO) from 1968 t~ou~ 1976 (see ~so Fig. 12). The d~y saH~ty vMues were pro~essive;
~gged (from 1 to 14 days) be~d the co=~sponding dagy NDO and ze~essed to determ~e
best co.elation coefficient (seo ~set). A 7-day lag t~o yields the best co.elation and is consid~
ed to b~ the average t~awl t~e needed for a low-s~inity water p~cel to trav~1 from t~e
southward to ~ameda reg~dl~ss of outflow level.
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Fig. 18. Ve~icM ~stHbution of s~ity dung winter and summer peHods. Value above
~on 19 is averaged Golden Gate sa~ty and is not included ~ contoured data. TypicM-, wet-
~-period term~olo~ determ~ed by the mean mont~y Delta Out~ow Index (Fig. 9D) and
~espond to water-temperature distributions (Fig. 15). Data (uncorrected for tldM variations)
obta~ed at hydro~ap~c stations plotted on Fig. 2 ~d ~th methods described by S~th e~
1979.
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In contrast, the southern reach has near-oceanic salinities during much of the year; but as
in the northern reach, the salinity and other properties are controlled largely by water exchanges
from the Pacific Ocean and by Delta outflow. Intrusion of Delta.derived low-salinity water is par-
ticularly evident during winter periods of wet years (Fig. 18B), when relatively pronounced strati-
fication occurs. The mechanisms of this Delta-derived low-salinity intrusion are discussed in detail
below. During summer the water is nearly isohaline with depth because of tidally and wind-
induced vertical mixing. During dry summers the elevation of salinity caused by evaporation is
measurable, and during extended droughts the salinities can exceed those of the adjacent ocean.
The intrusion of water of lower salinity at the southern boundary of the southern reach is caused

i bY sewage discharge from San Jose as well as by local stream discharge (see also Conomos et al.
1979). The water volume south of station 32 is small because of the narrowing and shoaling of the
southern reach (Fig. 3).

Temperature Field

Temperature does not exkibit as det~mitive a distribution as does salinity. Although water
temperature is directly coupled to the atmosphere, the heat-exchange rate is different for the
heat resevzoirs of the Delta, the Bay, and the ocean. River temperatures vary most widely, in res-
ponse to the rate of flow and temperature of tributary waters. Ocean temperature varies the least,
being moderated by the buffering effect of the large ocean volume and of vertical mixing; Bay

I temperatures are controlled by local weather conditions and by local discharge of waste heat, as
well as by the temperatures of the river and ocean.

Water temperatures at the surface near Alameda (Fig. 16A), indicative of the central part of
the Bay, follow a smooth curve varying from 20°C in summer to 10°C during winter. Water tem-
peratures at Golden Gate, in addition to reflecting the moderating influence of the ocean (annual
range 10-15°C), show the effects of coastal upwelling. The spring (May-June) upwelling of cold
water can be seen in the (negative) 2°C deviation from a smooth curve (compare annual tempera-

1 1 ture curve with Lynn 1967, Fig. 14, section I, stations 67.50, 67.55).During summer, water temperature generally decreases from the Delta to the Golden Gate as
a result of the inflow of wanner river water (22°C) and the presence of colder (15-17°C) upwelled
ocean water (Fig. 19D, E, F). The southern reach, althQugh maintaining oceanic salinities, is
warmed 4-5°C by solar heating of the shallow water. Warming is enhanced by the long residence
time of water in the southern reach. This heating is especially evident during dry summers when a
’warm-water lens is formed and maintained at the water surface despite vertical mixing (Fig. 19D,

~. In contrast to summer distribution of temperatures, only small temperature gradients persist
i~during winter. Water temperatures in the northern reach generally decrease toward the Delta as a
’t~sult of the flow of warmer ocean water through the Golden Gate and of the cooling of river

(Figs. 19A-C). The southern reach usually has temperatures intermediate between those of
and the ocean, implying that even during winter heat is gained from the atmosphere.

wet winters the intrusion of colder Delta-derived water into the southern reach may lower
temperatures slightly (Fig. 19B).

DISPERSION CHARACTERISTICS

(circulation) and diffusive (mixing) processes in estuaries are often indistinguishable
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Fig. 19. Vertical distribution of water temperature during winter and summer periods. V
above station 19 is averaged Golden Gate water temperature and is not included in contoured
These sections are not meant to portray the temperatures indicative of typical-, wet-, and
period conditions, but rather to correspond to salinity distributions in Fig. 14. Data (uncorre.
for tidal variations) are obtained at hydrographic stations (Fig. 2) and with methods describe~
Smith et al. 1979.

or inseparable, and together they are termed dispersion} Dispersion is controlled by a numb(
factors-physical dimensions, river inflow, tidal conditions, and often by winds. As was discu
above, these parameters are quite different in tile northern and southern reaches, as are the sea
al changes of most of them. Discussion of these differences follows.

Circulation

Some inference of circulation has been drawn from field observations which includ~
salinity measurements and (2) direct current measurements by either current meters or dri!
Complementary information has been gained from physical- (hydraulic-) model experiment~,
mathematical.model simulations.

Tidal currents. Although the marked seasonal differences in wind and river inflow
water-mass movement, the basic flow patterns are tidally induced and remain relatively unch~
throughout the year.

Within the Bay the tides create reversing currents that are strongest in the chalmels (t~
maxima of 60-90 cm.sec"~) and weaker in the shoals (35 cm.sec"t) (Disney and Overshiner 1’
At the Golden Gate, maximum ebb-current speeds of 280 cm-sec"i are typical (see also Rub~
McCulloch 1979). Within the Bay, other constrictions such as the Carquinez and Dumb
straits (Fig. 2) exhibit current maxima. The tidal excursion, the distance which a parcel of’

1 For the purpose of this chapter, the following definitions are used (Officer 1976): Diffusion is t]
bulent mixing of a water property (such as salinity) without any net mass transfer of the water itself. Adv
is the circulation (or flow) of the water that causes a net transfer of the water mass.

"Dispersion" is the undifferentiated result of both (1) diffusion effects (mostly from tidal mixing) a
current-velocity shear or circulation effects.
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might travel through a tidal cycle, varies within the Bay but is typically about 10 km (Fig. 20C, D).
The differences in tide phasing, coupled with the large tidal excursion, cause transport of

water between the northern and southern reaches. Because of the phase differences between the
high-tide elevations and tidal-current velocities in the different parts of the Bay, the water mass
of the southern reach begins to ebb while the water mass of the northern reach is flooding. The
converse is also true later in the tidal cycle when the low-salinity water of the northern reach
during ebbing is carried into the southern reach while it is still flooding (Carlson and McCulloch
1974). This interchange occurs near the time of low slack at the Golden Gate (3 hours after maxi-
mum ebb).

Seaward of the Golden Gate, where the tidal currents are not restricted by the physical di-
mensions of the Bay, they have a clock-wise rotation (Fig. 21). The diurnal inequality of the tides
(Fig. 14B) creates great differences in current velocity. The typical current velocity (seaward)

N              GOLDEN GATE                                                   .         ~                  CARQUINEZ STRAIT

KILOH~TERS

c D

o

SOUTH BAY-NORTHERN 8 SOUTH BAY-SOUTHERN

KILOH~TERS

20. Progressive vector diagrams of surface and near-bottom currents measured with cur-
at Golden Gate (A); Carquinez Strait (B); northern part of the southern reach (C); and
part of the southern reach (D). O isthe origin of the 5-day records and asterisks indi-
of each succeeding day; 1 is the surface meter (at 2.4 m depth) and 3 is the meter
1 m of the bottom. Plots are made from unpublished data of the National Ocean
station numbers refer to NOS locations.
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~during an equatorial tide is about 15 cm.sec"I, whereas during a tropic tide (two lunar wee
later), the velocities increase twofold.

Nontidal currents. Nontidal currents, generated by winds and river flow, perturb the veloc~
of tidal currents. Although nontidal-current velocities are one-tenth those of tidal currents, the
residual currents are important in transporting dissolved and particulate substances into and frc
the Bay. The current patterns are better defined in the channels than in the broad shallow areas
the Bay (Fig. 3). Vector addition of current-meter measurements over 5-day periods show grt
differences in the flow characteristics in the channels of different areas of the Bay (Fig. 20). T
southern reach has oscillatory flow with little net geographic displacement (Figs. 20C, D). ~I
northern reach (Fig. 20B) and the Golden Gate (Fig. 20A) also have oscillatory flow, but w
large net displacements which are typically 10 to 20 kin-day"1 (about 10 to 20 cm.sec"1).

There are no similar field data available for shallow water. The large-scale residual-transve
circulations computed by Nelson and Lerseth (1972) with a two-dimensional numerical progr.
show a counterclockwise gyre (northward along the eastern shore and southward in the channel~
the southern reach, and clockwise gyres in the San Pablo and Suisun bays. Their results are J
conclusive, however, as the variation between the computed velocity data and the few exist
current-meter measurements (Nelson and Lerseth 1972, Figs. 6, 7) create a strong bias in their,
culated net flows.

Most residual circulation observed in the deeper channels shows strong vertical variations
the northern reach the nontidal currents are principally caused by river inflow, and are thus de
ty induced. Typical current measurements show ebb dominance of the surface water and fl~
dominance of the near-bottom water (Fig. 22A; Simmons 1955). When these data are avera
over a tidal cycle, the landward-flowing density current can be readily demonstrated (Fig. 2
Peterson et al. 1975). This phenomenon is termed estuarine or gravitational circulation (Pfitch
1956). Within San Francisco Bay it has been defined in the channels, over weekly and bimonl
time scales, using current meters (Fig. 19) and drifters (Fig. 23).Nontidal current speeds, estim~
by drifter movements, average 4 cm-sec"1 for the landward-flowing density current and 5 cm-s~
for the seaward-flowing surface current (Conomos and Peterson 1977). Speeds determined

CURRENT \
VELOClTYSH EQUATORIAL

N

o     ,o    ~o ~,.~..o \       ~"
o~ o’., ,~2 o:~ o~,, ’ \,,:o ~ I
CURRENT SCALE

Fig. 21. Near-surface semidiurnal rotary tidal current velocities measured 16 km west o
Golden Gate showing high (/-I), higher high (HH), low (1) and lower low (LL) tide levels for tr
equatorial, and mean tidal conditions modified from Marmer (I926).
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i ~enerated during the peak Delta outflow: low-salinity water moves southward into the souther’,
¯ reach and displaces a more saline, denser water northward. This simple two-layer model is greatll

complicated if the salinity data (in the channel) during the wettest months of two successive yea1
are considered representative of the entire lateral cross-section. The salinity distribution durin
these two months (Figs. 24B, C) is similar to that of the three-layer Baltimore Harbor case (Fi:

SUMMER
DRIFT

20 4o 60 krn ~ B

BOTTOM SUMMER

: ,, DRIFT
WNTER

I

Fig. 23. Release and recovery points for surface (A) and seabed (B) drifters in the B;
adjacent ocean, after Conomos and Peterson 1977. Drifter movements are shown as arrows
from release points to recovery locations and portray simplified paths of movement oct
within 2 months of release. Winter release: Winter 1970. Summer release (southern reac
shown as inset): September 1971. Data are typical of 18 releases over a 3-year period (1970-
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124A) in which the surface and near-bottom layers are thought to advect landward with a retum
seaward flow at mid-depth (Cameron and Pritchard 1963).

These examples are given to emphasize the presence of sluggish, transient (and undefined)
three-dimensional circulation in the southern reach that is apparently both density- and wind-
induced. Features of Delta-induced flushing of the southern reach are discussed below (WATER
RENEWAL PROCESSES AND RATES).

Mixing

Mixing (turbulent diffusion) is created primarily by tidal currents, wind, and river inflow.
The effect of the current-induced mixing is most dramatic at constrictions such as the Golden Gate
where the high current speeds cause visible eddies and boils. Wind generates waves (compare Figs.
7 and 8) that break down river-induced stratification and tend to make the water colulim iso-
haline. These wind effects are most evident in the southern reach during summer. The river-
induced mixing effects are complex interactions between turbulent mixing and current shear and
together with tidal mixing, control dispersion, particularly in the longitudinal direction.

Because of the paucity of long-term salinity and current meter data, the longitudinal disper-
sion characteristics of the Bay system can be only grossly estimated. Glenne and Selleck (1969),
with hydrographic data from the SERL study, determined the general distribution of the longitu-
dinal dispersion coefficient, Kx, using cross-sectionally averaged mass .and salt continuity equa-
tions} They found values of about 0.5 x 106 cm2 -see-1 in the southern reach, which is well mixed
and has a relatively small nontidal flow, and values of 2.0 x 106 cm~ .see"1 in the northern reach,

BALTIMORF" HARBOR
0

0 4 8 12

SOUTHERN REACH

’°/
/ JAN i

 ,ok2¢G,\ i’ ---,,s....., i
o

O      IO     20     30     40
DISTANCE FROM GOLDEN GATE (kin)

24. Longitudinal salinity section of Baltimore Harbor (A), after Cameron and Pritchard
compared with those of the southern reach (B, C). Vectors in (A) are inferred nontidal cir-

Although the equations were cross-sectionally averaged, the data were collected only in the channels.
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~which has larger nontidal flow (Table 4). The longitudinal dispersion coefficients decreased
wards the Golden Gate in both reaches. These and other dispersion coefficients calculated frc
modelling studies (Table 4) are of the same order of magnitude as those reported in other temt
rate-zone estuaries (Officer 1977).

TABLE 4. DIFFUSION/DISPERSION COEFFICIENTS MEASURED
AND/OR USED IN SAN FRANCISCO BAY STUDIES

Coefficients
Place (106 cruZ-see-1) Method Reference

Kx Ky Kz

Sacramento,
San Joaquin 0.09-0.9 instantaneous dye Bailey et al. 1966

experiments

Suisun Bay 0.6-14 instantaneous dye Bailey et al. i966
experiments

Northern reach 0.1-10 fraction of freshwaterGlenne and Selleck
1969

Southern reach 0.1-1 fraction of freshwaterGlenne and Selleck
1969

Southern reach 0.01a dye experiments Ward 1974

Southern reach numerical calculation Lager and Tchoban
glous 1968

Northern reach 4 0.000004 2-D (vertical) humeri- Peterson et al. 197.
cal model

a Reported as Ez/d~ where Ez is the transverse dispersion coefficient and ~ is the sheax velocity.

Circulation-Mixing Relationships

To understand the dispersive characteristics of estuaries, it is necessary to quantify
separate diffusive from advective processes. Hansen and Rattray (1966) introduced an empi
way to classify estuaries that is based on an analytical approach for quantifying the proc~
causing longitudinal, gravitationally driven circulation.

In their method two dimensionless parameters are used: a stratification parameter, 5;
(ratio of surface-to-bottom difference in salinity [~S] to the mean cross-sectional salinity, [S
and a circulation parameter, Us/Uf (the ratio of the net surface current [Us] to the mean c
sectional velocity [Uf] ; Fig. 25). This circulation parameter expresses the ratio between a me~
of the mean fresh-water flow plus file flow of water mixed into it by entrainment or eddy d
sion, to the river flow. The parameter v represents the diffusive.fraction (nongravitational frac*
of the total upstream salt flux due to river flow and 1-v is that fraction accounted for expli
by the gravitational circulation. That is, when v = 1, gravitational circulation ceases and land’
salt transport is entirely by diffusion (mixing); as v approaches zero, diffusion becomes less ha
rant and the upstream salt flux is almost entirely accomplished by advection. Available fiel?
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\ ~ O ESTIMATED(P¢C,1975)
I ¯ ~ X XX ~ C~PUTED (FeD,t975) "

~ ~ I 8[MULATEO,Av=IOcm%ec(P,F.~ C,19~)
~ ~ 0 SIMULATEC,Av=2Ocm~/~ec (P~F,~C,I9~)

IO-~ L5         I0            IO~           IO~

u~
uf

F~g. 25. F~ct~o~ of ~o~zo~tal salt balance

1966). Data sources ~clude
field obse~ations (Petersoa and Conomos 1975) and numeric~ model data (Peterson et ~. 1978);
c~culated data of Peterson and Conomos (I 975) follow method of Bowden ~d G~gan (1971).

mode~g data from ~e nor~em reach are ~ gener~ agreement, ~d surest ~at about 60 to
70% of~e upstre~ s~t flux is due to diffusion ~d 30 to 40% to advection (Fig. 25).

The v~ues of ~ so deemed identify qumtitatively four types of estuaries; ~ese are subdi~d-
ed ~to stron~y (b-type) ~d we~y (a-type) stratified estuaries. In t~s scheme, ~e northern
reach behaves as a p~ti~y ~ed estua~; that is, it is stron~y stratified dung the ~ Delta
outflows of w~ter (mere money ~O = 1000 m~.see"t) md weary stratified dung lower (100
ms.sec"t ) s~er flows (Fig. 26).

T~s trea~ent of loa~tu~ dispersion is ide~ for a narrow ch~el of u~fo~ depth. In
~der systems ~e S~ Fr~cisco Bay, however, later~ (trmsverse) dispersion may be ~port~t.
~er (1977) has sho~ ~at~ parti~y ~ed estuaries ~e net trmsverse ~d vertic~ components
of ~a~tation~ circulations are s~ar
m~t~g ~e dyn~c b~mce md s~t tr~spo~. Bowden (1977) states ~at ~g across an
~tu~ may be eharacte~ed by ~g coefficients (Ky) w~ch are often 10~-10s t~es greater
~ ~e ve~ic~ coefficient (Kz) (compare, for ex~ple, ~e data ~ Table 4) because of ~e pres-

ence of trmsverse circulations. Thus, because ~e nor~ern reach has v~iations ~ bo~ ~d~ md
dep~ md later~ v~ations (~adients) of s~ity, diffusion and eu~ent velocity, later~ ~spersion
~y be si~ficmt (Fischer 1972; Okubo 1973). Unfortunately, adequate field data for c~c~at~g
hter~ ~spersion ~e lac~g.

~ter~ ~g may ~so ~teract ~ tr~sverse variations ~ ~e lon~tu~ velocity to
to ~e lon~tu~ ~spersion (Fischer 1972). In ad~tion to

features of ~e nor~em reach may favor complicated "trapp~g" ~d "tid~
mech~s w~ch Fischer ~d Du~ey (1975) believe may cont~bute subst~ti~y to

¯ spersion ~d may be relatively more ~port~t
to s~t ~trusion. Trapp~g occurs ~ong a se~es of ~ore~e embayments in w~ch

of a mo~g water mass are temporary trapped ~d gradu~y released to ~e tid~
after ~e m~ body of ~e water mass has passed. T~s release ~us promotes lon~tu~

~ tid~ p~p~g, ~e tid~ wave ~teracts with ~ irreg~ar ch~nel bottom, creat~g a

(net ckculation) whose ebb ~d flood flows favor ~fferent ch~els. Fischer ~d
~ent is based on ~ytic~ data (us~g the two-~ension~ nume~c~ model of
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,

1.5 I 0 I0e IO~ [0� tO~

u¢

Fig. 26. Classification dia~am (Hansen and Rattray 1966) of estuafine types ~corporatk
data from the northern ~each and other estua~e systems. Parameters used are defied in FM. 2.
Shaded areas are boundaries. In type i, the net flow is seaw~d at MI depths and upstre~
transport is by diffusion. In type 2, the flow reverses at depth and both advection and diffusic
contribute to upstream salt flux. In type 3, the salt transfer is pfima~y advective. Type 4 has
tense stra~ication and is a sMt wedge type. These types ~e f~ther sub-clas~fied ~to s~ong
(b-type) and weakly (a-type) stratified. Station codes as fo~ows. From Fig. 25: NFSB, northe~
S~ Fr~cisco Bay (northern ~each). From Hansen and Rattray (1966): M, Mississippi
mouth; C, Columbia ~ver Estuary; ~, ~ame~ ~ver Estua~; IF, StrMt of Juan de Fuca; NM, N,
rows of the Me~ey Estuary; S, S~vez Bay. From B~nes and Ebbesmeyer (1978): A1, AdmkMty I
let; PSMB, Puget Sound M~ Bas~; WB, Whidbey Basin. Subscripts: h and I refer to M~ and
fiver disch~ge; w and s to winter and summer; numbers indicate distance (~ miles) from mouth
the James ~ver estu~y.

Nelson and Lerseth [1972] ) and physical-model experimental results. They reasoned that becat
their data yielded values for v of about 0.7 (Fig. 25), vertical gravitational circulation was unlik~
to be responsible for the observed length of salinity intrusion. Rather, the combined effects
trapping, tidal pumping, and wind were entirely capable of producing the observed results.

Virtually nothing is known of the separation of dispersion characteristics of the southe
reach water mass. Description of low salinity water intrusions are discussed in detail below.

WATER RENEWAL PROCESSES AND RATES

It is apparent that increased Delta outflow causes both a seaward movement of the salin
gradient and a more rapid circulation and intensive mixing of the water mass. This increased D~
outflow is accompanied by a more rapid exchange of river water with the ocean, the volurae
river water accumulation in the Bay increasing relatively less that of the Delta outflow. A kn~
ledge of flushing time (i.e., the time required to replace the existing fresh water in the estuary :
rate equal to the river inflow) is important in estuarine studies, as it is a fundamental param~
used for predicting dilution and removal of pollutants. There have been no rigorous measure,’
calculations of flushing time made in the Bay. Instead, there have been several different estirn:
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of "water-renewal times": residence time, hydraulic displacement time, and water-parcel displace-
ment time. These methods, applied only to the northern reach, are defined below because each is
calculated differently.

In the most general cases considering the entire Bay, however, the residence time of the en-
tire water mass could be approximated by comparing the Bay volume with the annual river inflow
volume (Table 2). Since the river-inflow volume is typically about three times the Bay volume,
residence time in a salt-free Bay would be about four months, if calculations were based on a sim-
ple volumetric replacement. A slightly more refined estimate could be made by correcting for the
volume of the Bay occupied by seawater. Assuming a mean volume-weighted salinity for the Bay
of 20 % o and an ocean value of 30 % o, the residence time would be two-thirds of 4 months, or
about 2.7 months. These calculations, however, assume the water in all portions of the Bay is
mixed and exchanged uniformly in space and time. Salinity reduction controlled by this inflow,
however, was seen to vary greatly with season (rate of river inflow) and with location within the
Bay (the northern reach experiences most of the dilution).

The Northern Reach

Delta outflow has a direct effect on water residence time, particularly during winter. Glenne
(1966) and Selleck et al. (1966) have calculated both water-residence and hydraulic-displacement
times from field data collected during 1961-62. Water-residence tim~ is based on the arithmetic
mean of dissolved-constituent mass (silica or salinity) in a given segment of estuary divided by the
net transport of constituent mass through that segment. Their mathematical expression contains
diffusion terms as well as advection terms because of the silica and salinity concentration gradients
present. Hydraulic-displacement time is based on the arithmetic mean of water volume through
that segment. This expression contains only an advection term. The mean residence time of a
water parcel is 60 days during a dry summer (DOI = 90 ms-see-1) whereas it is 14 days during a
relatively dry winter (DOI = 420 ms-see-1 ; Fig. 27). The hydraulic-displacement time for this win-
ter is nearly identical to the residence time, and implies that river-induced advection is the domi-
nant process controlling residence time; diffusionduringsummer, however, becomesrelatively
more important, and the hydraulic-displacement time is much greater than the replacement time.

Travel-time calculations .based on SERL data and the link-node numerical model of Nelson
and Lerseth (1972) indicate that a water parcel flows from the Delta to the Golden Gate in a
month during summer whereas it takes about 2 weeks during winter (J. B. Gilbert and Associates
1977; Fig. 28).
-. Peterson et al. (1978), using a two-dimensional (longitudinal and vertical) steady-state nume-

rical model, calculated advective-water replacement times at DOI of 400, 200, and 100 ms -see-x to
ibe less than 25, 45, and 75 days, respectively (see Table 4 and Fig. 25 for additional information
on these results). These independent estimates are in fair agreement and suggest that water resi-

times during winter are typically 2 to 3 weeks, whereas during summer, they can be on the
months.

The Southern Reach

to the late 1960’s, the southern reach was believed to be flushed by tidal action and
dilution effects of the ~ocal streams. A study of existing salinity data led Peterson and
(1968) to suggest that Delta outflow controlled the salinity of the southern reach and

this outflow was a dominant factor influencing seasonal circulation there. McCulloch
(1970) data from the Geological Survey’s first (1969-70) year of near-monthly

that showed well-def’med salinity stratification (McCulloch et al. 1970, Fig.
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Fig. 27. Residence ~d hydraulic-displacement time in the northern reach dur~g hi~
June t~ou~ 31 July 1962) and low (12 December 1961 t~ou~ 14 Febru~ 1962) De
outflow levels. ~e outflow values are the me~ montMy Delta Outflow Index dung th~
months. The residence time is the arithmetic mean t~e the mass of dissolved s~ca cont~ed
~ven segment of the northern reach divided by the mass flux of s~ca t~ou~ that segment.
hy~a~c-displaeement time is the arithmetic mean time a parcel of water
segment of the reach divided by the flux of the water p~cel t~ou~ that segment. Modified ai
Glenne (1966).
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~40 GOLDEN GATE

)ITTSBURG

SACRAMENTO

0 I OOO 2000 3000
NET DELTA OUTFLOW (mB/sec)

Fig. 28. Net travel time of a water parcel from Sacramento to various locations in the
thern reach as a function of "Daily Delta Outflow", modified after ]. B. Gilbert and Assoc.~

(1977). Daily Delta Outflow was calculated by adjusting the Delta Outflow Index with mon
Delta outflow data published by the California Department of Water P~esources.
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4). It was a wet year (Fig. 12) and the low-salinity source clearly appeared to be the Delta out-
flowa. They showed that the winter flushing of southern-reach waters could not be explained by
tidal flushing, but rather by dilution resulting from the high Delta outflow (see, for example, Fig.
12B). Their salinity data further indicated that density-induced circulation was present and
together with the tidal current patterns, was the mechanism transporting this low-salinity water
into the southern reach. Although their report met with skepticism by some who maintained
that seasonal flushing of the southern reach could only be caused by abnormally high Delta out-
flows, McCulloch (1972) demonstrated a similar winter flushing of the southern reach accompany-
ing the normal and less than normal winter Delta outflow4 of the succeeding two years (1970-72;
Fig. 12).

More recently, Imberger et al. (1977) conducted a series of experiments with the Corps
of Engineers physical model in which they compared averaged daffy Delta outflows with salinity
data collected during 1972-73 by the Geological Survey (see Smith et al. 1979). Their results
verified the concepts and conclusions presented by McCulloch et al (1970). To summarize Im-
berger et al. (1977):

(1) Typical winter Delta outflows affect the salinity of the southern reach shortly (~5 days)

dent on the magnitude of the flow (Table 5). Flows as low as 400 ma-see-1 depress the salinities in
the northern portion by 1 to 2 % o. Flows of 1100 ma.sec"1 significantly affect salinity structure
throughout the southern reach. The rate at which the low-salinity water intrudes the southern
reach depends upon the mechanics of the density stratified flow.

(2) Successive high outflows have differing effects on the salinity field. A second flood is less
effective than the first if the second intrudes before the system has had a chance to recover.

(3) Changes in the southern-reach salinity field depend more on the magnitude of the peak
Delta outflow and on the history of previous flood events than on the total outflow volume during
a given period.

(4) The recovely to near steady-state summer conditions of high salinities (Fig. 18DEF) is
accomplished by tidal and wind mixing. The rate is 2 % o per month until an ambient salinity of
29 °/oo is reached. Thereafter, the t~mal recovery to 31% o takes as long as four months.

Field data (Imberger et al. 1977; Table 5) show that the flushing time of the southern-reach
water mass varies greatly throughout the year. During winter, when the first large flood flow of the
Delta intrudes, the initial flushing of a substantial fraction of the water mass may take one to two
weeks (Figs. 12, 17). As the winter progresses and high inflow is maintained, diffusive processes
become greater relative to riverdnduced advection. Dilution effects of Delta-derived low-salinity
waters control the flushing of the southern reach, and residence times are probably on the order of
a few months. After Delta outflow decreases to low summer levels, exchange of water is controlled

tidal currents and further promoted by wind- and tidally-induced mixing. Typical residence
months.

Exchange with Ocean

through the Golden Gate is of prime importance in understanding the ultimate
rates of the Bay system. Hydrographic data indicate that although the tidal currents mix

MeCtdloch et al. (1970) used discharge of the major tributaries of the Sacramento and San Joaquin
their qualitative discussions.

MeCulloeh (1972) used the mean monthly DOI (Fig. 9D).

~$ Imberger et al. (1977) used 5-day averages of an outflow index similar to Fig. 9C.
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TABLE 5. THE EFFECTS OF VARIOUS NET DELTA OUTFLOWS (NDO)
ON THE SALINITY FIELD ON THE SOUTHERN REACH

Delta Outflowa Frequencyb Salinity conditions in the southern reacha

(m~ -see"I ) (% of year)

~<140c 8 oceanic salinities present (31-32 % o)

140-280 18 measureable change of 1-2 °/oo in northern
part; weak vertical differences of 1-2

280-390 15 central and southern parts (south of San
Bruno Shoal) affected only if outflow
maintained for a long period

390-840 32 surface salinities throughout reach
noticably depressed

840-1120 5 salinity near San Bruno Shoal reduced to
about 26

1120-2800 16 salinity structure throughout the southern
reach is profoundly affected

2800-3360 2 stratifies entire reach with surface
salinities about 15 % o and bottom about
25 °/oo

3360-9350 4 lewered salinity in the central part by
>4 °/oo for 8 days

>~9350 0.2 lowered salinity in the central part to
below 10 °/oo

a Taken in pair from Imberger et al. 1977.

b Taken from 5-day running mean of Net Delta Outflow f~om 1969-1977 (Fig. 12A).

c 140 m~’see-1 = 5000 ft"see"1 = 10,000 acre-ft’day-1

large volumes of water daily over the shallow bar (sill depth 15 m) and through the mile-w
constriction (110-m depth), much of the stratification is maintained (see for example Peter:
1979, Fig. 8). Current-meter (Fig. 20) and drifter (Fig. 23; Conomos and Peterson 1977) d
indicate that the Bay system maintains a pronounced estuarine circulation cell during typ
river-discharge conditions. The upper portion of the water column has a net transport seaw~
while the lower layer has transport landward.

Parker et al. (1972) attempted to measure the tidal-exchange ratio (the portion of new oc
water entering the Bay system) using salinity and temperature as tracers. Recognizing the
portance of nontidal effects during high river inflow periods, they conducted their 25-hr ex~
ments on days of equilibrium tides (see, for example, Fig. 21) during two successive sum"
months. From their findings, they considered a "reasonable and conservative" value for tidal r
during summer (with little stratification) to be 24%, and were of the opinion that during w~
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I conditions of maximum stratification, it may be higher than 80%. ~hese values correspond to 0.34
x 109 and 1.12 x 109 m3, respectively, of new water entering the Bay system during each tidal
cycle, and are about 21 and 70%, respectively, of the tidal prism volume (Table 1). These results

I suggest a large degree of exchange with the ocean and rapid flushing of at least the central part
of file Bay.

i FUTURE RESEARCH NEEDS

In San Francisco Bay, a very complex estuarine system, our knowledge of hydrodynamic
processes is primitive, and our efforts thus far must be considered preliminary. A basic goal in the

I studies of estuaries is to devise practical models (conceptual and numerical) of circulation and mix-
ing processes that can be used for predictive purposes (see, for example, National Academy of
Science 1977; Kinsman et al. 1977; Kjerfve 1978). Major applications of such models in file

I Bay would be the prediction of conditions resulting from the works of man. These include de-
creased Delta outflow following massive river diversions (Gill et al. 1971), effects of proposed
deepening (25%) of navigation channels of the northern reach, and effects of increases inagri-
cultural, industrial, and domestic waste inputs (Federal Water Pollution Control Administration

ilI

1967; Hines 1973).
: Because the three-dimensionality of the Bay is reflected in its physical processes, the models

that may best approximate real conditions are filree-dimensional in space as well as time-depen-
dent. These models must be based on, and consistent with, field observations of the following
types:

(1) Variability of Bay-wide circulation in time and space. Continuous long-term (months)
current-meter records are necessary to document daily changes in river inflows, daily and fort-

~il
nightly tidal current variations, and episodic (3-4 day) wind events. In addition, near-synoptic
measurements of the three-dimensional salinity field are needed, wifil these observations being
conducted on daily time scales immediately before, during and after episodic weather and Delta-
outflow events.

(2) Measurement of the boundary conditions. These measurements include long.term, but
~hort-time scale monitoring of river inflow, exchange through the Golden Gate (rise and fall of
water-surface elevation as well as spatial distribution of salinity and velocity with time), and wind
stress on file water surface.

,~                                       ACKNOWLEDGMENTS

~ I thank D. S. McCulloch, D. H. Peterson, and R. A. Waiters for valuable discussions, and W. W.
Broenkow, R. T. Cheng, D. S. McCulloch, F. H. Nichols, D. H. Peterson, R. E. Smith, I. K. Thomp-

F. W. Trainer, R. A. Walters, and S. M. Wienke for their helpful reviews of this manuscript.
R. E. Smifil compiled, computed, and plotted the data shown in Figures 9, 12, 13, and 17.
Wienke prepared most of file illustrations and K. M. Walz provided secretarial and editorial

LITERATURE CITED

J. F., and M. D. Ball. 1979. Factors influencing the entrapment of suspended material in
San Francisco Bay-Delta estuary. Pages 143-174 in T. ft. Conomos, ed. San Francisco Bay:

5 Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.
B. F., et al. 1979. History, landforms, and vegetation of the estuary’s tidal marshes.

79

C--049985
C-049985



SAN FRANCISCO BAY

Pages 347-386 in T. J. Conomos, ed. San Francisco Bay: The Urbanized Estuary. Pacific

sion, Amer. Assoc. Advance. Sci., San Francisco, Calif.
Bailey, T. E., C. A. McCullough, and C. G. Gunnerson. 1966. Mixing and dispersion studies

Francisco Bay. Proc. Amer. Soc. Civil Eng. J. Sanitary Eng. Div. 92:23-45.
Ball, M. D., and J. F. Arthur. 1979. Planktonic chlorophyll dynamics in the northern San

cisco Bay and Delta. Pages 265-285 in T. J. Conomos, ed. San Francisco Bay: The Urbs
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Barnes, C. A. and C. C. Ebbesmeyer. 1978. Some aspects of Puget Sound’s circulation and
properties. Pages 209-228 in B. Kjerfve, ed. Estuarine Transport Processes. The Belle W. B
Library in Marine Science, No. 7. University of South Carolina Press, Columbia, S. C.

Bowden, K.F. 1967. Circulation and diffusion. Pages 15-36 in G. H. Lauff, ed. Estuaries. ¯

Assoc. Advance. Sci. Pub. 83.
Bowden, K.F. 1977. Turbulent processes in estuaries. Pages 46-56 in Estuaries, Geophysi~

the Environment. National Research Council, National Academy of Science. 127 pp.
Bowden, K. F., and R. M. Gilligan:" 1971. Characteristic features of estuarine circulation as

sented in the Mercey estuary. Lirnnol. Oceanogr. 16:490-502.
Cameron, W. M., and D. W. Pritchard. 1963. Estuaries. Pages 306-324 in M. N. Hill, ed. Tt

Vol. 2. Interscience, New York. 554 pp.
Carlson, P. R., and D. S. McCulloch. 1974. Aerial observations of suspended sediment pluSan Francisco Bay and the adjacent Pacific Ocean. J. Res. U. S. Geol. Surv. 2(5):519-526
Cheng, R. T. " 1978. Comparing a few recording current meters in San Francisco Bay. W

Conference on Current Measurement, 11-13 January 1978, university of Delaware, N

Del. (Abstr.)
Churgin, J., and S. J. Halminski. 1974. Key to ocganographic research documentation,

Temperature, Salinity, Oxygen and Phosphate in Waters off the United States. Vol. 3.
North Pacific. National Oceanic and Atmospheric Administration, U. S. Department o
merce, Washington, D. C. 259 pp.

Cloern, J.E. 1979. Phytoplankton ecology of the San Francisco Bay system: The statu~
present understanding. Pages 247-264 in T. J. Conomos, ed. San Francisco Bay: The Url
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Conomos, T.J. 1975. Movement of spilled oil as predicted by estuarine nontidal drift.
Oceanogr. 20(2): 159-173.

Conomos, T. J., D. H. Peterson, P. R. Carlson, and D. S. McCulloch. 1970. Movement oi
drifters in the San Francisco Bay estuary and the adjacent Pacific Ocean: A preliminary
U. S. Geol. Surv. Circ. 637B. 8 pp.

Conomos, T. J., D. S. McCulloch, D. H. Peterson, and P. R. Carlson. 1971. Drift of sur~
near-bottom waters of the San Francisco Bay system: March 1970 through April 197

Geol. Surv. Open-File Map.
Conomos, T. J., F. H. Nichols, R. T. Cheng, and D. H. Peterson. 1978. Field and modelinl

of San Francisco Bay. Pages 1917-1927 in Vol. 3, Coastal Zone ’78. Syrup. on Technic
ronmental, Socioeconomic and Regulatory Aspects of Coastal Zone Management, Marc

San Francisco, Calif.
Conomos, T. J., and D. H. Peterson. 1977. Suspended particle transport and circulatio

Francisco Bay: An overview. Pages 82-97 in M. Wiley, ed. Estuarine Processes. Vol.

demic Press, New York.
Conomos, T. J., R. E. Smith, D. H. Peterson, S. W. Hager, and L. E. Schemel. 1979.

affecting seasonal distributions of water properties in the San Francisco Bay estuarin~
Pages 115-141 in T. J. Conomos, ed. San Francisco Bay: The Urbanized Estuary. Pac

sion, Amer. Assoc. Advance. Sci., San Francisco, Calif.
Disney, L. P., and W. H. Overshiner. 1925. Tides and currents in San Francisco Bay.

Com., U. S. Coast Geod. Surv., Spec. Pub. 115. 125 pp.
Dyer, K. R. 1973. Estuaries: A physical introduction. Interscience, New York. 140 pp.

80

C--049986
C-049986



CONOMOS: PROPERTIES AND CIRCULATION

Dyer, K. R. 1977. Lateral circulation effects in estuaries.. Pages 22-29 in Estuaries, Geophysics
and the Environment. National Research Council, National Academy of Science.

Edmonston, A. D., and R. Matthew. 1931. Variation and control of salinity in Sacramento-San
Joaquin Delta and upper San Francisco Bay. California Dep. Public Works Bull. 27. 440 pp.

Elford, C. R. 1970. The climate of California. Pages 538-546 in Climates of the States, vol. II.
Western States including Alaska and Hawaii. National Oceanic and Atmospheric Administra-
tion, U. S. Department of Commerce.

Federal Water Pollution Control Administration. 1967. Effects of the San Joaquin Master Drain
on water quality of the San Francisco Bay and Delta. Central Pacific Basins Comprehensive
Water Pollution Control Project Report. 101 pp.

Festa, J. F., and D. V. Hansen. 1976. A two-dimensional numerical model of estuarine circula-
tion: the effects of altering depth and river discharge. Estuarine Coastal Mar. Sci. 4:309-323.

Festa, J. F., and D. V. Hansen. 1978. Turbidity maxima in partially mixed estuaries: a two-
dimensional numerical model. Estuarine Coastal Mar. Sci. 7:347-359.

Fischer, H. B. 1972. Mass transport mechanisms in partially stratified estuaries. J. Fluid Dyna-
mics 53:671-687.

Fischer, H.B. 1976. Mixing and dispersion in estuaries. Ann. Rev. Fluid Mechanics 8:107-133.
Fischer, H. B., and E. Dudley. 1975. Salinity intrusion mechanism and San Francisco Bay, Cali-

fornia. Proe. 16th Congr. Int. Assoc. Hydraul. Res. 1:124-133.
Gilbert, J. B., and Associates, Inc. 1977. Effects of Delta outflow on the San Francisco Bay sys-

tem. Prepared for Association of Bay Area Governments (ABAG). 139 pp.
Gilbert, G. K. 1917. Hydraulic-mining debris in the Sierra Nevada. U. S. Geol. Surv. Prof. Paper

105. 154 pp.
Gill, G. S., E. C. Gray, and D. Seckler. 1971. The California water plan and its crit~s: A brief re-

view. Pages 3-27 in D. Seclder, ed. California Water; A Study in Resource Management. Uni-
versity of California, Berkeley, Calif.

Gilliam, H. 1962. Weather of the San Francisco Bay region. University of California Press, Berke-
ley, Calif. 72 pp.

Glenne, B. 1966. Diffusive processes in estuaries. Sanitary Engineering Research Laboratory Pub.
No. 66-6. University of California, Berkeley, Calif. 78 pp.

Glenne, B., and R. E. Selieck. 1969. Longitudinal estuarine diffusion in San Francisco Bay, Cali-
fornia. Water Research 3:1-20.

Grimm, C. K. 1931. Study of tidal currents and silt movements in the San Francisco Bay area
~,: with particular reference to the effect of a salt water barrier upon them. Unpublished report,
~: U. S. Army Corps of Engineers, Appendix D to House Document 191, 71st Congress, 3rd Ses-
~u- sion.

D.V. 1965. Currents and mixing in the Columbia River Estuary. Pages 943-955 in
i..y,~.Oeean Science and Ocean Engineering Transactions. JOint Conference Marine Technology So-

ciety. American Society of Limnology and Oceanography.
D. V., and M. Rattray, Jr. 1966. New dimension in estuary classification. Limnol. Oce-
11:319-326.

D. V., and M. Rattray, Jr. 1972. Estuarine circulation induced by diffusion. J. Mar. Sei.

J.W. 1979. San Francisco Bay-the unsuspected estuary. A history of researches. Pages
!.in T. J. Conomos, ed. San Francisco Bay: The Urbanized Estuary. Pacific Division, Amer.

Advance. Sci., San Francisco, Calif.
~.W.G. 1973. A review of wastewater problems and wastewater management planning in the

Bay region, California. U. S. Geol. Surv. Open-File Report. 46 pp.
ft., W. B. Kirkland, Jr., and H. B. Fischer. 1977. The effect of delta outflow on density

in San Francisco Bay: Report to ABAG (Assoc. of Bay Area Governments). Rep.
Berkeley, Calif. 109 pp.

and W. R. Norton. 1978. Recent application of RMA’s finite element models for two-

81

C--049987
C-049987



SAN FRANCISCO BAY

~=- dimensional hydrodynamics and water quality. Pages 2.81-2.99 in C. A. Brebbia et al., ed,,
Finite Elements in Water Resources. Pentech Press, London.

Kinsman, B., et al. 1977. Transport processes in estuaries: recommendations for research. Matin
Sciences Research Center, State University of New York, Stony Brook, Spec. Rep. 6. 21 pp.

Kirkland, W. B. Jr., and H. B. Fischer. 1976. Hydraulic model studies (San Francisco Bay-Deh
model) for East Bay Dischargers Authority. March 31, 1976. Water Front Associates, A1
meda, Calif. 44 pp.

Kjerfve, B., ed. 1978. Estuarine transport processes. The Belle W. Baruch Library in Marine S~
ence, No. 7. University of South Carolina Press, Columbia, S. C. 331 pp.

Krone, R. B. 1979. Sedimentation in the San Francisco Bay system. Pages 85-96 in T. J. Con
rues, ed. San Francisco Bay: The Urbanized Estuary. Pacific Division, Amer. Assoc. Advanc
Sci., San Francisco, Calif.

Lager, J. A., and G. Tchobanoglous. 1968. Effluent disposal in South San Francisco Bay. Pro
Amer. Soc. Civil Eng. J. Sanitary Eng. Div. 94:213-236.

Lynn, R.J. 1967. Seasonal variation of temperature and salinity at l0 meters in the Califorl
Current. California Cooperative Oceanic Fisheries Investigations Reports 11:157-174.

Mariner, H.A. 1926. Coastal currents along the Pacific Coast of the United States. U. S. Co
Geod. Surv. Spec. Pub. No. 121. 80 pp.

McCulloch, D.S. 1972. Seasonal flushing of South San Francisco Bay: 1969-1972. Pages 39-
in V. A. Frizzell, ed. Progress Report on U. S. Geological Survey Quaternary Studies in -
San Francisco Bay Area. Guidebook for Friends of the Pleistocene.

McCulloch, D. S., D. H. Peterson, P. R. Carlson, and T. J. Conomos. 1970. Some effects
fresh-water inflow on the flushing of south San Francisco Bay: A preliminary report. U
Geol. Surv. Circ. 637A. 27 pp.

Miller, R. C., W. D. Ramage, and E. L. Lazier. 1928. A study of physical and chemical conditi
in San Francisco Bay specially in relation to the tides. Univ. Calif. Publ. Zool. 31:201-267.

National Academy of Sciences. 1977. Estuaries, geophysics, and the environment. Studies in [
physics. 127 pp.

National Marine Consultants. 1960. Wave statistics for seven deep water stations along the (
fornia Coast. Prepared for U. S. Army Corps Eng. District, Los Angeles. 20 pp.

Nelson, A. W., and R. J. Lerseth. 1972. A study of dispersion capability of San Francisco ]
Delta waters. California Department of Water Resources, Sacramento, Calif. 89 pp.

Nichols, F. H. 1979. Natural and anthropogenic influences on benthic community structur
San Francisco Bay. Pages 409-426 in T. J. Conomos, ed. San Francisco Bay: The Urban
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Nichols, D. R., and N. A. Wright. 1971. Preliminary map of historic margins ofmarshland:
Francisco Bay, California. Open-File Rep. U. S. Geol. Surv. 10 pp.

O’Connell, R. L., and C. M. Walter. 1963. Hydraulic model tests of estuarial waste disper
Prec. Amer. See. Civil Eng. J. Sanitary Eng. Div. 89:51-65.

O’Connor, D. J. and W-S Lung. 1977. Preliminary report on two-dimensional hydrodyn:
salinity transport and suspended solids distribution in western Delta. Hydroscience,
Westwood, N. J. 66 pp.

Officer, C.B. 1976. Physical oceanography in estuaries (and associated coastal waters). ]
science, New York. 465 pp.

Okubo, A. 1973. Effect of shoreline ixregularities on streamwise dispersion in estuaries and
embayments. Netherlands J. Sea Res. 6:213-224.

Orlob, G.T. 1977. Impact of upstream storage and diversions on salinity balance ha estu
Pages 3-17 in M. Wiley, ed. Estuarine Processes. Vol. 2. Academic Press, New York.

Parker, D. S., D. P. Morris, and A. W. Nelson. 1972. Tidal exchange at Golden Gate. Prec.,
See. Civil Eng. I. Sanitary Eng. Div. 98:305-323.

Peterson, D. H. 1979. Sources and sinks of biologically reactive oxygen, carbon, nitrogol
silica in northern San Francisco Bay. Pages 175-193 in T. J. Conomos, ed. San Francisc~

82

C--049988
C-049988



CONOMOS: PROPERTIES AND CIRCULATION

l The Urbanized Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.
I’Peterson, D. H., and P. R. Carlson. 1968. Influence of runoff on seasonal changes in salinity in

San Francisco Bay, California. Amer. Geophys. Union Trans. 49:704. (Abstr.)

i Peterson, D. H., and T. J. Conomos. 1975. Implications of seasonal chemical and physical factors
on the production of phytoplankton in northern San Francisco Bay. Pages 147-165 in R. L.
Brown, ed. Proc. Workshop on Algae Nutrient Relationships in the San Francisco Bay and Delta
(8-10 November 1973, Clear Lake, California): The San Francisco Bay and Estuarine Assoc.

I Peterson, D. H., T. L Conomos, W. W. Broenkow, and P. C. Doherty. 1975a. Location of the non-
tidal current null zone in northern San Francisco Bay. Estuarine Coastal Mar. Sci. 3:1-11.

Peterson, D. H., T. J. Conomos, W. W. Broenkow, and E. P. Scrivani. 1975b. Processes controlling
the dissolved silica distribution in San Francisco Bay. Pages 153-187 in L. E. Cronin, ed. Estu-

l arine Research. Vol. 1. Chemistry and Biology. Academic Press, New York.
Peterson, D. H., J. F. Festa, and T. J. Conomos. 1978. Numerical simulation of dissolved silica in

the San Francisco Bay. Estuarine Coastal Mar. Sci. 7:99-116.

t Porterfield, G., N. L. Hawley, and C. A. Dunnam. 196 I. Fluvial sediments transported by streams
tributary to the San Francisco Bay area. U, S. Geol. Surv. Open-File Rep. 70 pp.

Pritehard, D.W. 1956. The dynamic structure of a coastal plain estuary. J. Mar. Res. 15(1):33-42.
Putnam, J.A. 1947. Estimating storm-wave conditions in San Francisco Bay. Trans. Amer. Geo-

I phys. Union 28(2):271-278.
l , Reid, J. L. Jr., G. I. Roden, and J. G. Wyllie. 1958. Studies of the California Current system. Pages

29-57 in Calif. Coop. Ocean Fish. Invest. Prog. Rep., 1 July 1956 to 1 January 1958.
Roden, G.I. 1967. On river discharge into the northeastern Pacific Ocean and the Bering Sea. J.

i Geophys. 72(22):5613-5629.Res.
J~Rubin, D. M., and D. S. McCulloch. 1979. The movement and equilibrium of bedforms in central

San Francisco Bay. Pages 97-113 in T. J. Conomos, ed., San Francisco Bay: The Urbanized
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

i Sdleck, R. E., B. Glenne, and E. A. Pearson. 1966. A comprehensive study of San Francisco Bay.
Final report. Vol. VII. A model of mixing and dispersion in San Francisco Bay. SERL Rep.
No. 67-1. 111 pp.

i Selleck, R. E., E. A. Pearson, B. Glenne, and P. N. Storrs. 1966. A comprehensive study of San
Francisco Bay. Final report. Vol. IV. Physical and hydrological characteristics of San Fran-
cisco Bay. SERL Rep. No. 65-10. 99 pp.

Simmons, H.B. 1955. Some effects of upland discharge on estuarine hydraulics. Amer. Soc.
Civil Eng. Proc. 81 (Separate 792). 20 pp.

Smith, R. E., R. E. Herndon, and D. D. Harmon. 1979. Physical and chemical properties of San
Francisco Bay waters, 1969-1976. U. S. Geol. Surv. Open-File Rep. 79-511. 630 pp.

Smith, W. 1969. Feasibility study of the use of the acoustic velocity meter for measurement of
~ net outflow from the Sacramento-San .Joaquin Delta in California. U. S. Geol. Surv. Water-

..-~ Supply Paper 1877. 54 pp.
P. N., R. E. Selleck, and E. A. Pearson. 1963. A comprehensive study of San Francisco

Bay, 1961-62. Sanitary Engineering Research Laboratory, University of California, Berkeley,
221 pp.
F. G., G. D. Louderback, W. L. Schmitt, and E. C. Johnston. 1914. A report upon the

conditions in San Francisco Bay, based upon the operations of the United States Fish-
steamer Albatross during the years 1912 and 1913. Univ. Calif. Publ. Zool. 14(1):1-198.

H. U., M. W. Johnson, and R. H. Fleming. 1942. The oceans. Prentice-Hall, New
1087 pp.

Corps of Engineers. 1963. Comprehensive survey of San Francisco Bay and tributa-
Appendix H. Hydraulic model studies, vol. 1. U. S. Army Eng. District, San

California. 339 pp.
Survey. 1977a. Water Resources Data for California. Water year 1976. Vol. 3.

Central Valley Basins and The Great Basin from Walker River to Truckee River. U.S.

83

C--049989
C-049989



SAN FRANCISCO BAY

Geol. Surv. Water-Data Rep. CA-76-3. 397 pp.
U. S. Geological Survey. 1977b. Water Resources Data for California. Water year 1976. Vo

Northern Central Valley Basins and the Great Basin from Honey Lake Basin to Oregon
Line. U. S. Geol. Surv. Water-Data Rep. CA-76-4. 389 pp.

Ward, P. R.B. 1974. Transverse dispersion in oscillatory channel flow. Prec. Amer. Soc.
Eng. 3. Hydraulic Eng. Div. 100:755-772.

Waiters, R. A., and R. T. Cheng. 1978. A two-dimensional hydrodynamic model of a tidal ~
ary. Pages 2.3-2.21 in C. A. Brebbia et al., eds. Finite Elements in Water, Resources.
Press, London.

Young, W.R. 1929. Report on salt water barrier below confluence of Sacramento and San
quin rivers, California. California Dep. Public Works Bull. 22, no. 1. 667 pp.

8̄4

C--049990
C-049990



SEDIMENTATION IN THE SAN FRANCISCO BAY SYSTEM

RAY B. KRONE
Department of Civil Engineering, University of California, Davis, Davis CA 95616

Sediment inflows to the San Francisco Bay system have been significantly af-
fected by man since the 1860’s. Mining and agriculture caused large increases in
sediment inflows during the late 1800’s, and rapidly increasing fresh water diver-
sions for irrigation are now causing depleted sediment inflows. In addition, main-
tenance dredging within the system alters sediment transport.

Sediments entering the system with land drainage consist largely of silts and
clay minerals. These materials enter with high winter river flows and settle ini-
tially in the upper bays. Daily spring and summer onshore winds generate waves
that suspend fine materials and hold them in suspension while tidal- and wind-
driven currents circulate the suspended material throughout the system and to
the ocean.

The effectiveness of waves in suspending deposited material increases rapidly
with decreasing water depth. As the upper bays fill with sediment to depths
where wave action resuspends the annual load at the same rate as the supply,
the water depths tend to remain constant there, and further accumulation of
sediment in the system occurs seaward. Evaluation of historical bathymetric
surveys, including the effects of rising sea level, shows progressive sedimentation
in the system that is now approaching Central Bay. Future fresh water diversions
will materially slow this trend and will cause reduced turbidity from sediment
particles.

The processes of aggregation, deposition, suspension, erosion, and circulation of sediment
materials in the San Francisco Bay system have been described by Einstein and Krone (1961),
Peterson et al. (1975), Krone (1976), Conomos and Peterson (1977), and the U. S. Army Corps
of Engineers (1977). These descriptions have time scales on the order of a year or less, and while
they are largely qualitative, the descriptions illuminate the sediment movements in the system.
Longer term descriptions of sedimentation were made by Gilbert (1917), who described the ex-

¯ tcessive accumulations in the Bay system that resulted from hydraulic mining activities during the
1850 to 1884, and by Smith (1965) who extended Gilbert’s calculations of changes in Bay

s using more recent bathymetric survey data.
Both the short and long term sediment studies and studies of hydrodynamics by McCulloch
(1970) and Imberger et al. (1977) show that the Bay system is dominated by effects of

sediment and water discharges through the Sacramento-San Joaquin River system (Fig. 1)
Great Central Valley drainage. There has been for decades a continuing trend of increasing

use of water in .the Central Valley and of export of water - and sediments - that
otherwise flow through the San Francisco Bay system. The diversion of fresh water has

during rec6nt years, and during the past two years of drought the fresh water flow to
system has been the lowest in history. In view of the decreases in fresh water flows that

is experiencing and the possibility of further decreases, it is appropriate that the
information on sedimentation be re-examined to identify areas that may concern those

for management of sediments and Bay system water quality. This chapter presents an
~tion of sediment movements and identifies areas of concern.

t © 1979, Pacific Division, AAAS. 85
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INDEX MAP
SAN FRANCISCO BAY

-SAN ~ ~A~MEDA

Fig. 1. San Francisco Bay system and env~ons.

SEDIMENT SUPPLY

Rou~y 80 to 90% of ~e se~ent ente~g ~e system is ~e product of soft erosion
163,000-~2 ~l~d dr~age bas~. The rema~der comes from erosion of l~ds adjacent t
Bay system. The rate of stud tr~sport by river flows of ~e Centr~ V~ey is
lower reaches of ~e rivers, so that ~e matefi~ ente~g S~ Pablo Bay is ~e re~t of
ed soft ~d consists of clay md stir ~er~s c~fied ~ suspension ~ wash load, ~ o~y a
~ount of free stud. Most of ~e se~ent enters wi~ ~e ~er ~nter md sp~g flows
suit from r~f~ ~d sno~elt.

Ve~ large ~ounts of clay ~d ~t were carried by Centr~ V~ey stre~s dung fl
draufic-~g era ~ the Sierra Nevada, ~d ~s mate~ rem~ed
unffi ~e w~ter vdoeity slowed ~ ~e broad shrew exposes of Suisun ~d S~ Pablo bays.
sition ~ ~ese upper bays was e~d fur~er by ~e ~creased s~fies of ~ese bays,
made suspended particles cohesive, ~d by ~e waves md gen~e turbulence ~at caused susp
particles to co~ide repeate~y ~d fo~ a~regates. Such a~egates have ve~ greatly
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i settling velocities. These "schlickens" created huge deposits in the upper bays and all but obliter-
ated Vallejo Bay (now Carquinez Strait) at Martinez. Gilbert (1917) estimated the clay and silt
deposit in the upper bays from mining debris by calculating the change in water volume. He be-

I I, lieved that mining debris was still entering the Bay system at the time of his study, and he calcu-

lated that during the period 1849 to 1914 a total of 1.146x109 yda was deposited. Undoubtedly

ii
additional amounts were lost to the ocean.

Hydraulic mining was stopped in 1884. Fresh water diversions for irrigation gradually in-
creased until the early 1940’s when the Central Valley Project and the federal dams in the San
Joaquin Valley streams were built (see, for example, Gill et al. 1971). Very rapid decline in fresh
water and sediment outflows occurred thereafter. A program for measuring suspended sediment

I1outflows was initiated by the U.S. Geological Survey in 1957 (Porterfield et al. 1961), and esti-
mates of sediment production are limited to calculations using subsequent suspended solids data
and historic water outflows.

Estimates of sediment inflow to the Bay system were made by establishing a relation between
i.I’’ annual water flow and annual sediment production~duringlater years (Krone 1966).Annualpro-

duction is useful because the long dry summers return the drainage system to virtually the same

~1condition by 1 October, the start of the "water year," and each year’s runoff can be considered
independent of preceding years (Fig. 2). The data (Fig. 2) include those both for the San Joaquin

- I I I i tlllJ I I i IIItlI I i I I IIl..I

~
19650

~ _

! ’ _

~ ~" AT VERNALI$ R" 1958
I SACRAMENTO R._

,, -
~ AT SACRAMENTO

~ - 1963
~ 1962 ¯

~, N - 1957 ¯

., ;: ,,z, 0.I -- -..
_ -

1951                                            -
<

,01    /t t I IIIIII     I ! I tiitll    I I I Illll
O.1                  1.0                  10                 1001d

TOTAL RIVER DISCHARGE, ac~ f~et p~ year

2. Relation of annual suspended sediment production to river discharge. Reproduced
(1966).
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LEGEND

o ~
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: .~ .~ .10 .20 30 .~.~.~ .70 .~

PROBABILITY T~T SEDIMENT INFL~ ~ILL
EXCEED INDICATED AMOUNT

Fig. 3. Annual suspended sediment inflow from the Delta to the Bay system. Reprodt
from Krone (1966).

and Sacramento rivers; the plots show that the relation indicated by the line represents both rl
reasonably well.

This relation was applied to the historic fresh water flows, modified by the U.S. Buret
Reclamation (USBR) to the fresh water flows to the Bay system that would have occurred i
facilities and demands of 1960 existed throughout the period of record. The resulting sedi~
production for the wide range of flows that occurred between 1921 and 1971 is plotte
logarithmic-probability ordinates (Fig. 3). This plot, shown by the crosses, shows a 20-fold r
with a median annual production of 2.6 million t. The USBR projected water developmen
water demands for the years 1990 and 2020 and appropriate water management operatioz
applied to the same historic data, leading to the other two plots. These plots show that if
plans are realized the Bay system will experience "droughts" of sediment inflow a larger and
fraction of the time.

The estimated annual average sediment inflows are presented in Table 1. If the bed 1,
taken to be 0.065 of the total and the dry unit weight of the sediment deposit is 33 It
(Schultz 1965), the average annual volume of sediment "deposit" under 1960 conditions wo~
10.5 million yda which is close to Schultz’ (1965) estimated-of 11.1 million yda.

Decisions on future water diversions are lacking, and the projections shown for 199
2020 are subject to decisions between competing political pressures for fresh water diversk
Bay system water quality. Figure 3 does show, however, the drastic reductions in sediment
to the Bay system that would result from future .diversions planned by USBR in 1966.
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TABLE I. ESTIMATED ANNUAL AVERAGE SUSPENDED SEDIMENT
PRODUCTIONS (106 t’yr-x )a

Sediment Source                               Stream Conditions
1960 1990 2020

Sediment supplied to the Delta 3.75 3.42 3.34

Sediment from the Delta to 3.35 1.79 1.22
San Francisco Bay system

Sediment from local streams to:b
. Suisun Bay 0.23 0.23 0.23
San Pablo Bay 0.29 0.29 0.29
San Francisco Bay 0.51 0.51 0.51

Total sediment to Bay system 4.38 2.82 2.25

a 1.0t (common short ton) = 0.907t (metric tonnes)

b From Smith (1965, Table 5). 1957 to’ 1959 values, measuled and estimated, a~e data of Porterfield
et aL (1961). ¯

SEDIMENT CIRCULATIONS

The lrme cohesive particles that comprise most of the material are transported in suspension.
Their transport throughout the system is determined by the water movements, and by the local
hydraulic conditions that facilitate deposition, erosion, and aggregation. The water movements in
the Bay system are exceedingly complex and are very strongly affected by fresh water flows, the
distribution of salinity, and wind stresses. A description of the general character of water move-
ments will serve to explain sediment movements, however.
~    The Bay system consists of a number of broad shallow bays interconnected by narrow open-
tngs (Fig. 1). The western part of North San Francisco Bay and the narrow opening to the Pacific
. Ocean (Golden Gate) are quite deep, however, and water depths are maintained by the strong tidal
currents. The large surface areas of the bays, combined with the restricted connections, cause
progressive delays in the tides with distance from the ocean and relatively deeper channels at the
¯ narrow openings. The system is resonant to the tides, with the result that the mean range of the

,~,~..de at the southern tip of South Bay is 2.2 m, 1.0 m greater than the mean ocean tide range of 1.2
at the Golden Gate (U. S. Army Corps of Engineers 1961). This resonance causes north-south

currents in the central portion of the Bay system that is out of phase with flows through the
Gate, with the result that there is circulation between San Pablo Bay and South San Fran-

~ Bay.

’~,Fresh water outflows from Central Valley drainage superimpose ano~ler circulation system
oscillatory tidal flows. More dense ocean waters tend to move upstream under the seaward
fresh waters (see also Conomos 1979). The oscillatory flows that result from tidal motion,

irregularities of the bed, cause vertical mixing with the result that there is an oscil-
but net landward movement of saline water near the bed, and this water dilutes fresh sea-

water above. The location and length of this mixing zone depend strongly on the
and the flow history (McCulloch et al. 1970; Peterson et al. 1975; Imberger et al.
1979). During extremely large discharges the mixing zone extends out into the
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b-Pacific Ocean. More commonly during winter flows the mixing zone extends from the Go~
Gate to Carquinez Strait. As winter fresh water flows decrease the mixing zone moves landw
and during typical summer flows during the period 1943 to 1970, the mixing zone extended f
mid San Pablo Bay to Antioch.

South San Francisco Bay is also strongly affected by high fresh water flows, with fresh ~
"lenses" developing during high flows (McCulloch et al. 1970’, Imberger et al. 1977; Conc
1979).

Winds affect water circulations, particularly in the broad bays where the fetch is appreci
The winds of greatest importance appear to be the daily onshore breezes that blow from the o
to the hot Central Valley during spring and summer. These winds also generate waves in the
low bays every day during these months (see also Conomos 1979).

There is strong evidence that large amounts of sediment are deposited in Suisun ant
Pablo bays during winter runoff (U. S. Army Corps of Engineers 1977). Waves that appear
on the bays suspend this material and hold it in suspension while slow tidal currents tran
the material to channels (Einstein and Krone 1961). During flood tides this material ~
upstream through Carquinez Strait, and because the particles aggregate rapidly at the higI
pended sediment concentrations that prevail, the aggregates t~nd to settle and there is a ~
concentration near the bed (Arthur and Ball 1979). These particles move upstream with ff
upstream flow near the bed, mixing vertically upward with the more saline waters. Aggr~
whose settling velocities approximate or exceed the upward velocity of the more saline ~
accumulate in the mixing zone and cause the well-known "turbidity maximum" there (Cor
and Peterson 1977).

Little deposition occurs in this mA.xing zone now because the large tidal prisms of S
Grizzly, and San Pablo bays, combined with the narrow channels, cause high velocity curren~

keep the channels scoured to their self-maintained depths. An attempt to cut an I l-m de
proach basin for a wharf at Benicia, however, resulted in the formation of a 5-m deep dep
three months. Large amounts of sediment are in motion there.

Material suspended by waves in San Pablo Bay continually feeds this net upstream flo~
vertical density gradient in the mixing zone causes the velocity prolific there to have excel
velocity gradients. These gradients promote the collision of suspended particles and ~
promotes their aggregation (Krone 1972). Particles and aggregates from San Pablo Bay mix ~
with riverborne dispersed particles and "scavenge" them. Algae are also scavenged thi
Aggregates carried seaward in the upper portions of the flow settle as the tidal current s"
San Pablo Bay, to either be carried back upstream for another cycle or to circulate furthe~
Pablo Bay.

Suspension of deposited material by waves is a process that has several important.
For a given wave, the maximum bed shear stress is very sensitive to water depth and is prol
al to the square of the maximum near-bed orbital velocity, uz

max’

u~ = [~rH[(T’slnh’2~rh[L)] 2, approximately
max

where H is the wave height, T is the wave period, L is the wave length, and h is the wat,
(Komar and Miller 1973). Since 1/(sinh’2rrh/L) falls off very rapidly with depth, and it
falls even faster, it is evident that the applied stress is sensitive to depth. The suspendin~
periodic, and upward diffusion is weak. The result is that fine particles are winnowed fron
particles, so that over a period of time when suspended material is transported away
currents, the remaining material is coarser than the original deposit. The applied shear stJ
exceed the shear strength of the deposit before there is any suspension (Alishahi and Kror
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Winnowing of sediments in San Pablo Bay is shown by the data of Storrs et al. (1963)
(Fig. 4). The surface of the bed was coarser during the summer and fall than it was after the high

fresh water flows. An armor having a high content of i’me sand and silt is found in wind-sweptii shallow parts of San Pablo Bay. Below this armor, which can support a person, reside large depths
of the mud from hydraulic mining.

Note: Nund)ers on Graph Refer to
Samplinl Stations.

Fig. 4. Surface sediment particle-size distribution, San Pablo Bay, August 1961-June 1962.
Data from Storrs et al. 1963. Numbers refer to Sanitary Engineering Research Laboratory (SERL)
lampling stations.

~k,.’ Material suspended in San Pablo Bay and carried southward with tidal currents contains
1~" f’me sand and is easily carried with tidal currents as they circulate throughout the system.
~.~pended material settles wherever the water is quiet, such as in shallow areas at night when

~.,.~wind dies, or in navigation facilities. Where subsequent wave action or tidal currents are
to resuspend deposited material, it accumulates. Material from San Pablo Bay
and be resuspended many times as it circulates and t~mds its way to a resting place
to sea, progressively becoming t’mer-grained and more easily transported. Marsh

diked off once accumulated this f’me material and probably reduced the loss to the

scenario is repeated in miniature for each of the streams tributary to the bays, and areas
t material can be found near their mouths and near eroding banks. Bay waters are muddy

~eriods of high runoff and progressively become clearer during each year as the quantity
g in suspension diminishes.
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LONGER:TERM SEDIMENT DEPOSITION

The surface of the oceans is rising at an approximate rate of 0.2 m-century"1 (Fig.
there were no deposition of sediment, the bays would continually deepen. Alternately, if ~
tion is so rapid that the water depths become shallow, wave action erodes the new deposit

1~ 1111 1~ 11# II l!! l~I l~I l#I II II Iili

YEAR

Fig. 5. Yearly mean sea level changes at San Francisco, California, 1860-1970. Dat~
National Ocean Survey.

to a depth where wave erosion compensates deposition, assuming no armoring by coarse m~
When the supply of sediment inflow is adequate, therefore, water depths would tend to r
constant, and the rate of deposition would follow sea level rise. When the sediment supply is
quate, the water depths would increase.

Smith (1965) reported calculations made by the U. S. Army Corps of Engineers tha
averages of water depths over 1/8-rain quadrangles. Averages for successive bathymetric s~
were compared to obtain changes in water depths with no allowance made for sea level rise.’

’l!~ 2 and 3 were constructed from Smith’s data using !/near interpolation where necessary to
r I ~ mine the changes over comparable time periods. The tables are arranged with areas in the:

graphical sequence from the Delta southwestward through the system. A pattern of dep(
becomes apparent from the data in Table 2 when the accumulation or loss during suc(
periods is compared for successive bays. Suisun and Grizzly bays f’filed during the first perio
lost relatively small amounts during the second and third periods. San Pablo Bay accumul
large amount during the first period when hydraulic mining provided a supply and succe:
smaller amounts during the next two periods. North San Francisco Bay showed negligible ac

; lation during the first period and markedly increasing amounts during the later periods. Sou! ~.ii~~
Francisco Bay showed deepening water during all three periods.

The rise in sea level was evidently sufficiently rapid prior to 1870 so that the sedim¢
cumulation rate in most of the system was not sufficient to compensate the increase in war
ume due to sea level rise. The very large amount of finer-grained material produced by hy~
mining and by poor agricultural practices caused very rapid deposition in Grizzly, Suisun, ar

Pablo bays. The erosion in Suisun .aped G.~zly bays shown to occur during the subsequent t~
riods indicates that the rate of supply during the first period exceeded the transport capac
waves and currents. In fact, erosion"during the second and third periods indicates that some
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TABLE 2. APPARENT SEDIMENT ACCUMULATION (104 yds3 )a,b

Area 1870-1896 1897-1922 1923-1950
(27 years) (26 years) (28 years)

Suisun & Grizzly Bays & 64.3 -17.2 -4.7
Carquinez Strait

San Pablo Bay 181.3 60.2 17.4
North San Francisco Bay 0.66 67.4 106.4
South San Francisco Bay -36.1 -51.1 -55.0

a Data from Smith (1965)
b 1.0yd3 = 0.76m~

material deposited during the first period was transported toward San Pablo Bay in addition to the
fiver-borne material that entered during these later periods. As this material eroded under wave ac-
tion, the f’mer-grained fraction was washed out, and the bed became progressively more resistant to
erosion. The water depths in Grizzly and Suisun bays probably now are approaching values that
can be expected to remain constant unless the supply of sediment is stopped.

San Pablo Bay continued to accumulate sediment during the second and third periods, but at
decreasing rates.

North San Francisco Bay did not receive much material during the period of hydraulic min-
ing discharge, which suggests that the upper bays trapped most of the sediment that remained in
the system. The losses of water volumes during the second and third periods show that the capaci-
ties of the upper bays to store material were decreasing, and the material worked its way through
the upper bays until it found a permanent resting place in North San Francisco Bay. This interpre-
tation is strengthened by the presentation of average annual apparent deposition rates presented in
Table 3.
" The average annual loss in water volume (the apparent sediment accumulation rate) for the
~tal of Suisun, Grizzly, San Pablo, and North San Francisco bays is 4.2 million yd~-yr"I for both
~ond and third periods.

The figures for South San Francisco Bay in Tables 2 and 3 are strikingly different: the
volume increased during all three periods. The average annual rate of sea level rise was

to calculate the annual change in water volume. As shown in Table 3, the observed increase
volume exceeded that due to sea level rise during all three periods. Considering the un-

in the determination of sea level in the earliest bathymetric surveys it can be concluded
were comparable rates of slow erosion in South San Francisco Bay during all three

Hydraulic mining debris did not cause accumulations in the open water areas of South
Bay, nor did material from Central Valley appear to be accumulating there even in

data in Tables 2 and 3 are temporal and spatial averages. While they are valuable for the
,;given above, they are not suitable for descriptions of local areas. Sediment can move a-

each of the areas used in Tables 2 and 3 without affecting the average. Smith’s re-
the local changes in 1/8 rain quadrangles between bathymetric surveys. Further, the

the movement of fine material into and back out of South San Francisco Bay
rail present evidence indicates that annual supplies of Central Valley sediments do in
South San Francisco Bay under present conditions. Only the freest material, clay and

the suspended load, however, and deposits are stable only in areas protected from
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TABLE 3. AVERAGE ANNUAL SEDIMENT
ACCUMULATION RATES (I 06 yds3 "yr"~ )a

Area 1897-1922 1923-1950
(26 years) (28 years)

Suisun & Grizzly Bays & -0.66 -0.17
Carquinez Straits

San Pablo Bay 2.31 0.62
North San Francisco Bay 2.59 3.80

Loss of Water Volume 4.24 4.25

Volume of Sealevel Rise 1.29 1.29

TOTAL 5.5 5.5

South San Francisco Bay

Loss of Water Volume -1.96 -1.96

Volume of Sealevel Rise 1.07 1.07

TOTAL -0.91 -0.91

a Calculated from data in Table 2.

waves and currents. I believe that a much smaller portion of the f’me-grained sediments were tr~u
ported into South San Francisco Bay during the hydraulic-mining era because the trap efficien
of the upper bays was much greater then.

If the 1960 condition data (Fig. 3) can be compared with the data for 1923 to 1950 in Tat
3, it is possible to calculate a sediment balance that shows the average budget (Fig. 6). The -’
million yd3 deposited in the upper bays is assumed to have come entirely.from inflow. The
crease in water depths in South San Francisco Bay, which would result largely from erosion
very f’me-grained material that would be carried to the ocean or to marsh areas, is assumed not
have contributed to deposition in the northern bays.

’ SUSF~H~En $£nIUENT ~ |0| ¥ AVE.

ii’ 4.1 W HET DELTA OUTFLOW

I.i’*~
OCEAHOUTFLOW TOpLuS 4~: ~ , ii DHEDGI,GDIsPOSAL 2.1 Ii GTHEII
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Fig. 6. Average annual San Francisco Bay sediment deposition budget. Values in millior
cubic yards of deposit.
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1 FUTURE CHANGES

Projected fresh water .diversions indicate that future supplies of suspended sediment to the
Bay will be less than historic supplies and will a much wider Atsystem vary over range. present,
the Bay system steadily removes t~me suspended material during each year following the winter and
spring runoffs. If less sediment is supplied as the result of increased water diversion, Bay system

i waters will clear. Several successive years of very low flows will surely result in greatly reduced sus-
pended sediment concentrations in Bay waters and reduced turbidity. The ample nutrient levels in
Bay waters, particularly with low fresh water flows, will promote growth of algae to objectionable

i levels.
The clay minerals sorb toxic materials from waste discharges and thereby remove such mate-

rials from the water column. The sorbed materials are removed from the water column when the
sediments are removed from suspension and thereby provide an assimilative capacity for such un-

lehdesirable substances. If significant reductions of sediment inflows are to be made, either waste dis-
arges into the Bay system will have to be greatly modified or water quality will deteriorate.

We have not acquired the necessary field data nor made quantitative calculations that show

i the effects of changing fresh water andsediment flows to the Bay system on the quality of Bay
waters. Decisions on water diversions are being made without such information. Detailed descrip-
tions of the water and sediment transport are needed in order to predict the effects of various
fresh water and sediment outflows on the Bay system.

New bathymetric will be made in few These data, combined withsurveys a years. continuing
measurements of suspended sediments, should enable more precise descriptions of trends in sedi-
ment accumulation in the Bay system.
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THE MOVEMENT AND EQUILIBRIUM OF
BEDFORMS IN CENTRAL SAN FRANCISCO BAY

DAVID M. RUBIN AND DAVID S. McCULLOCH
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

The sand-covered floor of Central San Francisco Bay is molded by tidal cur-
rents into a series of bedforms, each of which is stable through a discrete range
of tidal velocity, grain size, and water depth. Many of the bedforms move during
average tide cycles, and do not require storms, floods or abnormal flow condi-
tions to be active. The net direction of bottom sediment transport has been
deduced from bedform asymmetry. The geometry of Central Bay exerts consid-
erable control on the sediment transport pattern. Tidal flows accelerate as they
pass through the narrow Golden Gate and produce ebb and flood jets that
transport sediment away from the Gate. Lower velocity flows that occur be-
tween the shoreline and the jets are ebb dominant within the Bay, and flood
dominant outside the Gate, and these flows transport sediment toward the Gate.

In Central Bay, where many of the bedforms are active during average tide cy-
cles, sediment turnover, which is important in organic and inorganic exchange
between the sediment and the water column, results largely from bedform migra-
tion. This rigorous hydraulic regime also acts to reduce biological turnover by
benthic organisms by producing an environment more suited to animals that ex-
tract nutrients from the water column and surface and suspended sediment,
rather than from buried sediment.

Sediment on the floor of San Francisco Bay is an active element in the organic and inorganic
processes that go on in the estuary. The sediment provides a repository through which there is a
flux of plant and animal nutrients, trace metals (McCulloch et al. 1971; Peterson et al. 1972;
ldoyer and Budinger 1974; Girvin et al. 1978; Luoma and Cain 1979), and man-made synthetic
organic compounds. It also provides a domicile for a varied benthic community (Nichols 1979).

The sediment is dynamic; it responds to physical stirring by organisms, to estuarine circu-
lation, to oscillating tidal flows, and to wind-generated waves. In some areas the tidal flow pro-
d.uces hydraulic sorting of the bed load which largely determines the local gain-size of the sedi-
ilient, and also the pattern, rate, and total flux of the sediment through that reach of the estuary.

hydraulic sorting, which separates mudflats from sandy bottoms, exerts marked control on
distribution of benthic species. Hydraulic conditions also affect the distribution of benthic

controlling the duration of bottom stability (Nichols 1979).

PURPOSE

Central Bay, the area described in this chapter, where tidal currents are strong and the
its greatest depth, the sediment is generally sandy. The sandy sediment responds to

regime by forming several distinct types of bedforms, each of which is stable,
for some discrete range of water depth, flow velocity and grain size. Thus,

of the distribution of these bedforms not only indicates the local hydraulic environ-
when the bedforms were produced, but with some reservations, can be used to

transport rates.
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Fig. 1. Track-line locations. Light lines were run once. Heavy lines were run througho~
cycles.

This .chapter discusses the kinds and distribution of bedforms in Central Bay, the dir
of bedload transport, some rates of sand-wave migration, how often the sand waves move,,
hydraulic factors that control bedform distribution. A more detailed quantitative discu.

given elsewhere (Rubin and McCulloch in press).

PROCEDURE

Bedforms were mapped with a side-scanning sonar system that bounces a high ftc
(100 kI-Iz) sonic signal off the seafloor and produces a continuously recorded oblique vie~
sea floor on both sides of the survey vessel. The vessel location (Fig. 1) was continuously r,
with an electronic dual transponder range-range system that has a precision of about 5m. 2
transport directions were inferred from the orientation of the crests and the asymmetry
waves. Sand-wave movement was studied by resurveying selected sonar lines through sew
cycles, and by making longer term observations from a Fixed point with a bottom-mount~
ing side-scan sonar system (Rubin et al. 1977). Bedforms in any given area were related to s
grain size, water depth, and depth-averaged current velocity in order to determine equ
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bedform conditions. Depth-averaged velocities were calculated from unpublished National Ocean
Survey current velocity data by plotting semilog velocity prof’fles and averaging the velocities read
from the plot at each tenth of the flow depth from 1/10 to 9/10.

SETTING

Central Bay is one of four bays in the San Francisco Bay complex. Within this complex

the deepest water (Fig. 2), the coarsest sediment (Fig. 3), and the l~ghest velocities (Fig. 4)
occur where flow is constricted by bedrock at the Golden Gate, the entrance to Central Bay. The
eastern and northern margins of Central Bay.are lined with broad muddy flats in relatively shallow
~low-moving water. Between these broad, shallow, muddy flats, and the steep, rocky Golden Gate,
the Bay is floored with sand and has tidal currents that peak at about 70-200 cm’s"1 during average
tides.

.\0

Contour interval in meters

i0 ~ 4 Kilometers

~ of Central Bay.

BOTTOM TYPES

sediment is exposed to increasingly strong flows it responds by forming a progres-
from low regime fiat beds or ripples, to sand waves, and finally, when bed
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Fig. 3. Median grain sizes in Central Bay (P. R. Carlson, unpublished U. S. Geological ~
data).

irregularities are unstable, to upper regime flat beds.1 The progression is well demonstra
laboratory flumes and is observed in natural flows (see later discussion). Limited observati,
divers and underwater television indicate that these same bedforms occur on the Central-Bay
Unfortunately, for mapping purposes we were limited by the resolution of the sonar syste
cannot differentiate lower from upper regime flat beds, and has insufficient deFmition to rec
ripples. Thus, only sand waves and flat beds are shown in Fig. 5.

Sand Waves

Sand waves, first reported in Central Bay by Gibson (1951), cover approximately hall
area surveyed in Central Bay (Fig. 5). In plan view as seen by the side-scan sonar, the san(
are straight-crested (Figs. 6, 7) sinuous, catenary, or barchan-like (Fig. 8). In cross section, t]
triangular (Fig. 6) or convex upstream (Fig. 8). Their heights range from less than 20 cm t
than 8 m, and height-to-wave length ratios are typically 1/10 to 1/40. Although the san(

1 We recognize that some workers subdivide the larger bedforms (e.g., megaripples, dunes, etc.
simplicity these additional forms are included with sand waves in this discussion.
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Fig. 4. Peak depth-averaged tidal currents in the Central Bay during an average tide. Current

I v~loeities were measured by the National Ocean Survey (unpublished data).

vary in size, in any given area they are approximately the same size and can be divided and mapped
by size (Fig. 4).

¯ Flat Beds

that appear flat are the second most abundant bottom type observed in Central Bay.
resolution of the side-scan system is approximately 10 cm, and the smallest sand

on the side-scan records are 10-20 cm high. Beds with bedforms less than 10 cm high,
waves and all current ripples, would therefore be expected to appear flat. Despite this

the extensive flat bed areas can be grossly separated into two types; one con-
and bare bedrock and lies in the high-velocity tidal currents in and adjacent to ~the

is free of bedrock and boulders, and lies in an area of weaker tidal currents
eastern fringe of Central Bay. Upper regime fiat beds occur in the former, and current

in the latter.

Bedrock and Boulders

above, bedrock and boulders occur mostly in the Golden Gate area where fast
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currents keep the bed swept dear of sand. In some areas, boulders are numerous enough to I
boulder pavement. In other areas, boulders and bedrock locally protrude through a sand v
Turbulence developed at these protuberances downmixes fast-moving water and, in some 1
the resulting increase in flow velocity at the bottom is sufficient to scour away the thh
veneer downstream from obstructions and to, produce rock or boulder-floored sharp p
depressions (Fig. 9) called comet marks OVemer and Newton 1975).

and boulders
Bedforms
than 3 meters in :,~ thanheightl meter in [] height

Fig. 5. Distribution of bedforms mapped by side-scan sonar. Flat-appea~g beds in
den Gate area are upper flow regime flat beds, and in this same area boulders and bare
occur on the Bay floor. Other flat-appeaRing beds are inferred from Fig. 12 to be rippled.

Other Bottom Features

At several locations in Central Bay the bottom is dominated by forms produced by t
other than flowing water. On Southampton Shoal in the northeast comer of Central Bay
field of holes up to 4 m in diameter and 0.5 m in depth that resemble holes formed by re*
rays in nearby Bodega Bay (Nichols 1979, Fig. 7), In this same area, adjacent to an oil
off Richmond, the bottom has been grooved by numerous ships as they plow their keel,"
the sediment. Our side-scan profiles show that similar keel plow marks are common off th
and throughout the Oakland Estuary, and in this same area a long chain.of large cycloid~
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gouges appear to have been made by the :propeller of a large ship .(I-Iartm~an 1976, Figs. 1.2 and
1.3).

Bedload Transport Directions

Directions ofbedload transport can be estimated by assuming that bedload sediment is trans-
ported normal to a sand-wave crest. Although the current reverses direction during each tide cycle,
~d transport may occur in both directions, the net transport occurs down the steeper slope of the
sand waves. Net bedload transport directions inferred from sand-wave geometry are shown in Fig.
10. Because the sediment transport rate increases as a high power of the velocity of a flow, sedi-
ment transport is strongly biased in the direction of the peak-velocity tidal current. Consequently,
sediment transport directions inferred from sand-wave orientation are generally within 15° of the
directions measured by current meters of the strongest near-bottom currents (Fig. 10).

Fig. 6. Side-scan record of straight-crested sand waves. Sand wave heights are 0.5 m; wave-
5-10 m; depth is 20 m. Transport is from left to right.

The bedload transport pattern in the Golden Gate area is dominated by high velocity flows
by jet currents that are formed by both the ebb and flood tides as they flow through

Gate. During flood flow (Fig. 11A), ocean water enters the Gate and accelerates
the channel decreases in cross-sectional area. This jet current enters the Bay with depth-
velocities of more than 200 em-s"1 and is maintained for some distance by its momen-

velocities north and south of the jet current are lower, or about 50-100 cm-s-1. During
(Fig. 11B), Bay water converges radially toward the Golden Gate with peak velocities of

Consequently, east of the Gate, where the jet current flows, flood velocities
velocities, but in the adjacent areas north and south of the jet, ebb velocities exceed
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flood velocities (Fig. 11C).
~-    East of the Golden Gate the jet current maintains a channel that is deeper than the adjacc

ebb-dominated shoals. The resulting bedload transport pattern forms a cell similar to that observ
in other tidal inlets where transport in jet-dominated channels is away from inlet ~openLngs (De
and Walton 1975; Wright and Sonu 1975) and transport in adjacent shoals is toward inlet openia
(Fig. 1 iC).

During ebb flow (Fig. 11B) the velocity is also increased by the constriction of the Gel0
Gate, and a high velocity flow is formed along the north side of the Gate west of the constricti¢
North and south of the jet, surface current -data (U. S. Coast and Geodetic Survey 1964) indic:
counter-rotating eddies that are driven by the jet flow. Bedforms beneath the northern eddy w,
not observed, but bedforms beneath the southern counterclockwise eddy indicate that the co~
ter-clockwise circulation dominates. Because -of the formation of the jet flow and the fact that ;
most rapid changes in sea level occur in the downward direction,.ebb flow dominates, and the
rections of sand transport closely resemble the.directions of ebb circulation. Thus, within the G
den Gate, as within the adjacent Bay, sand is circulated in a cell, with jet transport away from, ~
adjacent transport toward the inlet opening.

Between the inward and outward flowing jets lies the deepest channel of San Francisco B
at a depth of about 110 m. Side-scan sonar profiles and high resolution sub-bottom aeou:
prot~des (Carlson and McCulloch 1970) indicate that the bedrock eharmel floor is swept parti:
free of sediment. Flat beds accompanied by boulders also reflect the high velocities of the j,
Although the bedforms define the transport cells as both sides of the Golden Gate, they do.

Fig. 7. Side-scan record of sand’ waves with reversed crests. Dominant transport is 1el
right. Record shows the reversal of the sand-wave-crests caused by right-to-left flow. Maxin
sand-wave height is 5 m, and water depth is 40 m.
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define the net direction of bedload transport through the Gate.
Because sand is moved mainly by peak-flow currents, its net transport direction may vary

from the net transport direction of near bottom suspended sediment that depends solely on net
water circulation. The San Francisco Bay estuary enjoys estuarine circulation with a seaward flow
of brackish surface water over a compensating landward flow of more saline bottom water (Cono-
rnos 1979). As demonstrated by the movement of seabed drifters (Conomos 1979, Fig. 23) the
bottom flow transports the near-bottom suspended sediment landward (Conomos and Peterson
1977). Thus, in ebb-dominated areas of Central Bay the tractive bedload and the near bottom
suspended sediment have opposite net transport directions.

!

|| ....... 25m

i|

Fig. 8. Side-scan record of barchan-like sand waves. Maximum bedforrn height is 2.5 m; wa-
.t~r depth is 30 m, and transport is from left to right.

SAND-WAVE MOVEMENT RATES

Sand-wave migration rates are very difficult to measure from a vessel, because even with very
precise navigation the error in determining the vessel’s position may exceed the distance that sand

move in many months. However, one can determine whether or not sand waves move with-
t measuring their migration by observing ~ort-term changes in sand-wave ~aape. During average

spring tides, the crests of many sand waves in Central Bay reverse orientation daily in response
tidal currents (Fig. 7), indicating that these sand waves are active under average ti-

Sand-wavemovement, or lack of movement, during neap tides has not been studied.
As noted above, the measurement of sand-wave migration rates is difficult. Tidal sand waves

move only a few centimeters or tens of centimeters per day (Jones et al. 1965; Booth-
Hubbard 1975; Bokuniewicz et al. 1977). With commonly available navigation systems

need a long elapsed interval of months or years between repeated observations, and
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Fig. 9. Side-scan record of comet marks; dark areas are boulders, light areas are sand
lence downstream from obstn~ctions has scoured the sand veneer, producing comet-shaped
exposures. Transport is from top to bottom.

even then the navigation problem may make a significant uncertainty in measured migrati~
In order to overcome the navigational uncertainty, sand-wave migration in a portion of
Bay was measured with a rotating side-scan sonar system (Rubin et al. 1977) that was p
the Bay floor about 2.5 kin east of the Golden Gate and about 400 m offshore of San F~
The sonar system was wired to shore where a recorder provided images of a 400-m-diame~
lar area of the Bay floor. The side-scan system was in water about 20 m deep and sand way
field of view were approximately 0.6 m in height and 18 m in wavelength. Sediment at the
a median grain size of approximately 0.3 ram. During a two-month observation period I
fixed position sand-wave crests moved 0.6 to 2.4 m, with average rates of 1 to 4 cm-d-1.
of this study was chosen for its proximity to shore, and current velocities at tile site are lo
at many other sand-wave fields. Consequently, sediment transport rates and bedform i
rates at the side-scan site may be relatively low.

CONTROL OF BED CONFIGURATION AND DISTRIBUTION

Sedimentologists and engineers working with flumes have found that specific kind
forms reproduced with a given flow (velocity, depth, and viscosity) and sediment (grain si
ty, and sorting). This has led to many studies designed to determine how flow and
parameters are related to bed configuration (Allen 1963, 1968; Raudkivi 1963, 1966; Yz
Harms and Fahnestock 1965; Simons et al. 1965; Guy et al. 1966; Hill 1966; Znamensk~
Harms 1969; Hill et al. 1969; Kennedy 1969; and Southard 1971, 1975). These exp
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~studies were generally limited to flow depths of less than 0.5 m, and extrapolation of bed ph~
boundaries to greater depths was largely conjectural. In 1975 Boothroyd and Hubbard extend
these studies to flows of several meters depth in describing bed phases in two shallow New Engl~
tidal estuaries. Rubin and McCulloch (1976) described bed-phase boundaries in San Francisco
where flow depths reach 80 m, and with these deeper flow data they proposed an extension
previously established shallow flow bed phase boundaries to deeper flows (Fig. 12). The ph

¯ 19 -.22 mm SAND                                          .35 -,60ram SAND
Ioo

¯

SAND

WAVES

10

O.I
0    20 ,40 60 80 100 120 140 |60 O 20 4.0 60 SO I00 120 140 160 180 200

VELOCITY (cm/=ec) VELOCITY (cm/$ee)

Fig. 12. Plots of bed configuration as a function of depth and velocity for two sedimen
ranges. Triangles and circles represent San Francisco Bay sand waves and flat-appearing beds r~
tively; squares are points from bed-phase boundaries on grain size vs. velocity plots for addi~
bay data; x’s are points on bed-phase boundaries determined by Boothroyd and Hubbard (1
dots are points on bed-phase boundaries measured or interpolated from Southard (1975, Fig~
2-3, and 2-5); circles with dots are points from boundaries separating ripple, dune, and fl~
phases determined by Dalrymple, et al. (1978). Flume velocities are depth-averaged for s
flow; bay velocities are depth-averaged during peak flow of average tides. High-velocity, sh
flows that produce in-phase waves (also called antidunes) have not been seen in San Francisce

boundaries they proposed are shown in Fig. 13 where phase boundaries and sand-wave heig
related to sediment size, depth, and velocity. More recent work by Dalrymple et al. (197:
scribes bed phases in intermediate depths up to about 14 m in the Bay of Fundy. AllowiJ
differences in bedform nomenclature, and the fact that smaller straight-crested bedforms th~
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Type I megaripples would appear as flat beds to the side-scan sonar, their data fit the trends of the
phase boundaries ,based on flume and Bay data.

The construction of Fig. 13 is not meant to imply more than correlation between the related

parameters. It should be clearly understood that although it is valid to draw such a figure, and that
such a figure might be used for predictive purposes, there is very little that is understood about the
details of the specific mechanisms that generate bedforms.

Fig. 13. Plot of bed-phase and sand-wave height as a function of velocity, depth, and sedi-
ment size, generalized from Bay and flume data cited in text.

SEDIMENT TURNOVER

~,.    For some biological and chemical processes that involve exchange between sediment on the
floor of the Bay and the water column, sediment turnover rates are more important than the rate

(~of net sediment transport over the Bay floor. Physical overturning of sediment accompanies
:.~bedform migration, but is a!so caused by benthic organisms. In physically stable environments
.~ueh as deep subtidal areas, equilibrium faunas can be effective in turning over the sediment
;’ ~Niehols 1974): But in Central Bay, where the benthic population is dominated by siphon feeders

extract nutrients from surface or suspended sediment and from the water column, rather than
buried sediment (Nichols 1979), benthic stirring is of less importance than bedform mi-

Central Bay sediment is highly dynamic. Where tidal-current velocities are high, sand
as much as 1 m in height have been observed to reverse their asymmetry in a single tide

requires turning over the bulk of the sediment within the sand wave. Thus, locally,
may reach a depth, of 1 m’d"1. In general, however, physical turnover is lower, the
process being the migration of current ripples that turn over only the upper 2-5 cm of

day.
difficult to quantify, a total Central Bay turnover rate estimated from these obser-

wouldbe consistent with a rate calculated from the amount of radon contributed to the
by Central Bay sediment (Hammond and Fuller 1979). By assuming a rate of radon

for sandy sediment (1000 atoms-m’3-s"1) they estimate that approximately 40 cm of
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Fig. 14. Plots of bed phase and sediment transport rate (dashed lines) as a function of dept7
and velocity for two sediment sizes. Transport rates in kg-m"I "S"I are from Colby (1964).

turnover must occur every few days.
As noted earlier, sediment dynamics are important in determining the composition of

benthic fauna. In the Bay mudflats, where sediment is generally Free-grained, episodes of physic:
turnover or disruption are related to storms or seasonal wind patterns. Although less dynamic
a daily basis than Central Bay, sediment turnover in South Bay may be caused largely by physic
stirring (storm resuspension) rather than biological stirring. The South Bay benthic cornmunil
is composed of opportunistic pioneering species adapted to f’me.grained sediment that can r
establish themselves rapidly after disruption (Nichols 1979). Rhoads et al. (1978) have shown th
pioneering species like those in South Bay have little effect below the surface of the bottom,
make only minimal contribution to sediment turnover.

SEDIMENT TRANSPORT RATES

Because both the rate of sediment transport and bed phase are functions of velocity, depl
and sediment size, they can be directly compared. In Fig. 14, empirically determined and ext
polated sediment transport rates from Colby (1964) are superimposed on bed-phase plots. Th~
plots give an estimate of the rate of sediment transport for flows in equilibrium with specifi

C--05001 6
C-050016



! RUBIN AND McCULLOCH: BEDFORMS

reds. is stressed because bedforms can in fiow velocities higher and lower thanEquilibrium persist
ose which produced them, and the transport rates apply only to the time interval during which

the form was in equilibrium with the flow. In tidally oscillating flows, where most transport occurs

loUring peak flow, this interval may be short, and total transport over long time periods is difficult
establish.

FUTURE RESEARCH

The present study was limited to sedimentary processes active in sandy areas of Central Bay.
Little is known about those processes active in other sandy areas in San Francisco Bay, and even

~fi~y
SS is known about sedimentary processes active in the muddy areas that predominate in the

¯ In general, the sedimentary processes that have been identified are known only qualita-
ely, and the rates at which they operate are only beginning to be quantified.
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PROCESSES AFFECTING SEASONAL DISTRIBUTIONS
OF WATER PROPERTIES IN THE SAN FRANCISCO

BAY ESTUARINE SYSTEM

T. JOHN CONOMOS, RICHARD E. SMITH, DAVID H. PETERSON,
STEPHEN W. HAGER, LAURENCE E. SCHEMEL

U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

The timing and general location of major processes modifying the distri-
butions of conservative (temperature, salinity, alkalinity) as well as biologically
reactive (oxygen, carbon, nutrients, pH) water properties can be inferred from
the seasonal features of the Delta-outflow hydrograph. River-modulated physical
effects on these distributions in near-surface midchannel water are characteris-
tically defined by season (high versus low river inflow) and geographic region
(northern versus southern reach of the estuarine system).

Delta outflow directly controls and often dominates the spatial and temE_o~91
~d~s~t~f.li~..~..fSf~¥6i~i~~ a~n~i biological processes in the northern reach.

(’The outflow contributes suspended particles, dissolved oxygen, and silicate, and
I~ generates an estuarine circulation cell and a turbidity maximum. The circulation
pattern and associated features largely dictate spatial distributions. Seasonal
changes, however, are caused by relative changes in outflow (which deterrnihe
water-residence time and thus flushing rates) and light-limited biological activity
(photosynthesis, nutrient uptake, and oxygen production): during winter, mix-
ing and advection control biological activity, whereas during summer, both
biological activity and physical processes are important.

The relation between Delta outflow and biological processes in the southern
reach, however, is less direct: biological activity has a relatively greater effect on
the spatial and temporal distributions of these properties. Distributions of
properties are dominated by the perennial inflow of detritus and nutrient-rich
waste water at the southern boundary. These inputs are augmented during
winter by discharges from local intermittent streams that may contribute large
amounts of nitrogenous compounds. The substrate is the major source of parti-
cles and ~dissolved silicate. Greatest biological activity apparently takes place
during spring rather than summer as in the northern reach. This increased
activity in the southern reach is caused in part by Delta-outflow induced strati-
fication that tends to maintain algal cells in the photic zone.

Dissolved and particulate properties constituting the bulk composition of water in an estua-
system are fundamental to the biological processes occurring within such a system. This set of

determines which species are found, and influences seasonal and annual patterns in their
and distribution. The presence of man along the San Francisco Bay shorelines has

inevitable changes in the concentrations and relative ratios of these properties. Some of
turn, have adverse impact on the biota and have led to the establishment of water

criteria (Regional Water Quality Control Board 1975).
purpose is to summarize the distributions of several basic conservativet (temperature,

A conservative property is one whose chemical and biological activity is so low relative to the rate of
, processes (mixing and advection) thatits distribution is essentially controlled by these physical processes.
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~linity, alkalinity) and nonconservative2 (hydrogen-ion activity-pH, turbidity, chlorophyll a, su,~
pended particulate matter, plant nutrient, and dissolved-oxygen concentrations) properties in nea~
surface, mid-channel water throughout the entire Bay system by season (Fig. 1; Table 1) and t
identify sources and sinks of some of these properties. We place particular emphasis on describi~
the dominant processes controlling their seasonal variations. To identify the effects of river-mod~
lated physical processes (mixing and advection) on the supply, dilution and removal (flushin~
rates of most of these properties, we divide the year into a winter (high river inflow) and a summ~
(low river inflow) period. This division further permits us to make preliminary inferences as to t[
timing and general locations of major biological processes modifying these distributions.

We will show here that Delta outflow directly controls and often dominates the spatial ar
temporal distributions of most properties and biological processes in the northern reach. In t]
southern reach, however, the dependence of biological processes on Delta outflow is less dire�
and biological processes have a relatively greater effect on the spatial and temporal distributions,
these properties.

Fig. 1. The San Francisco Bay system comprises Suisun Bay, San Pablo Bay, and San F
cisco Bay, but is termed San Francisco Bay herein. The northern reach is Suisun Bay, San P;
Bay and the northern part of San Francisco Bay (to the Golden Gate). The southern reach is
Francisco Bay south of the Golden Gate. Station numbers are established hydrographic stat
occupied near-monthly from 1969 to the present. The drainage basins of the Sacramento
Joaquin River system and of the peripheral streams are in inset.

~ A nonconservafive property is one whose distribution is determined by the effects of short-term cl
cal and biological activity as well as by the effect of physical processes (mixing and advecfion).
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TABLE I. HYDROGRAPHIC STATION LOCATIONS
AND NUMBERS OF OBSERVATIONSa

I Station Locationb Observations
Number N. Lat. W. Long Summer Winter

1 38° 2.4’ 121° 50.4’ 18 7

i : 3 38 3.0 121 52.7 57 38
6 38 3.9 122 2.1 59 47
9 38 3.0 122 10.4 61 52

i 12 38 3.1 122 18.7 59 48
14 38 0.5 122 24.1 56 47

-.. 17 37 52.9 122 25.6 55 53
19 37 49.1 122 28.3 31 40

U 21 37 48.0 122 22.2 55 48
24 37 42.0 122 20.3 50 44
27 37 37.1 122 17.5 43 40
30 37 33.3 122 11.5 50 42

i 32 37 31.1 122 8.1 41 32
36 37 28.3 122 3.8 41 34

TOTAL 676          572

a Observations reported are water samples collected at ~2-m water depths during winters (December
through April) and summers (July fiarough October), 1969-1977.

l
b Locations shown on Fig. 1.

PREVIOUS WORK

Early Bay-wide surveys of salinity and temperature were conducted by Sumner et al. (1914)
mad Miller et al. (1928). These surveys were followed 30 years later by a comprehensive 5-year
water-quality study by the Sanitary Engineering Research Laboratory (SERL)(Harris et al. 1961;

¯ btcCarty et al. 1962; Pearson et al. 1967, 1969; Selleck et al. 1966a, b; Storrs et al. 1966, 1968,
i~ 1969).

Our work began in 1969 and initially considered the relation of Bay-wide flushing with Delta
(McCulloch et al. 1970; McCulloch 1972; Carlson and McCulloch 1974). Later publications

have emphasized the distributions and interrelations of plant nutrients and suspended particles in
reach (Conomos and Peterson 1974, 1975, 1977; Peterson et al. 1975a, b; Peterson

Spiker and Schemel (1979) have summarized seasonal distributions of organic and inorgan-
and Hammond and Fuller (1979) have reported initial f’mdings of substrate-water ex-

of several parameters. Temporal and spatial.distributions of suspended particlesl salinity,
in the Delta and the landward part of the northern reach are summarized by

Ball (1979) and Ball and Arthur (1979). Cloem (1979) has reviewed our present under-
g of phytoplankton ecology in the Bay and has presented interesting new data.

THE DATA

were collected from 1969 through 1977 during near-monthly surveys in order to relate
s in water properties in the channels to seasonal variations of river discharge and insolation

et al. 1978). Water .pumped to the vessel was continuously analyzed for temperature,
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TABLE 2. SUMMARY OF ANALYTICAL METHODS

Variable Primary Reference Precisiona Principal Analysts

position +0.2 km 1

depth Schemel and Dedini (1979a) +0.2 m 2, 3

temperature Schemel and Dedini (1979a) +0.1°C 2, 3

salinity W. Peterson (consultant) 0.05 °/oo 2, 3

light transmission Hydroproducts Corp.b 5 units (day to day) 2, 3
10 units (cruise to cruise)

dissolved oxygen Carpenter (1965) +4/~g-atoms’liter"1 4 5, 6

reactive silicate Technicon (1976)b 3% at 20 to 300/ag-atoms’liter"1 7.8, 9

orthophosphate Atlas et al. (1971) 3% at 2 to 50 pg-atoms’liter"I 7 8, 9

nitrate+nitrate Technicon (1973)b 3% at 1 to 80 pg-atoms’liter"1 7 8, 9

nitrate Kahn and Brezenski (1967) 5% at 20 to 40 pg-at~ms’liter"~ 7 8, 9

nitrite Technicon (1973)b 3% at 1 to 40 #g-atoms’liter"~ 7 8, 9

ammonia Solorzano (1969) 3% at 5 to 100 pg-atoms-liter-~ 7 8, 9

chlorophyll a fluorescence Lorenzen (1966) +5% 2 3, i0, 11

turbidity Turner Designsb +5% 2 3

particulate organic matter (POC) Schemel and Dedini (1979b) +5% at 5 to 250/~g-atoms-liter"~ 2 9

alkalinity Culberson et al. (1969) +0.02 meq’liter"1 2 5, 6

pH Strickland and Parsons (1972) +0.025 units 2, 3, 5

suspended particulate matter (SPM) 20% 5, 9, 12

a Where possible, estimates of precision are based on splits of discrete samples.

b The mention of brand names is for identification purposes and does not constitute endorsement by the U.S. Geological Survey.
e Principal analysts: 1, F. Lewis; 2, L. Sehemel; 3, L. Dedinl; 4, A. Hutchinson; 5, R. Smith; 6, G. Massoth; 7, S. Hager; 8, D. Harmon; 9, S. Wien-

ke; 10, B. Cole; 11, A. Alpine; 12, R. Herndon.
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3OOO DELTA OUTFLOW
(1969-77)

MEDIAN
AND 70%1 |~RANGE

t!

-~    B SOUTH BAY INFLOW
’~" 80. ( 1969-77 )

~o
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Fig. 2. Monthly means of river inflow: Delta Outflow Index (DOI), 1969 through 1977 (A),
calculated by the U.S. Bureau of Reclamation; southern-reach streams (Fig. 1), 1969 through 1977,
including San Jose sewage inflows, which average 5 m3"sec"x (B). Stream discharge from U.S.
Geological Survey; sewage data courtesy of San Jose-Santa Clara Water Pollution Control Facility.
After Conomos (1979).

salinity, light transmission, plant nutrients (silicate, phosphate, nitrate+nitrite, ammonia), pH, and
.chlorophyll a fluorescence (Schemel and Dedini 1979a; Smith et al. 1979; Table 2). Discrete sara-

were taken for measurements of dissolved oxygen, alkalinity, particulate organic carbon
!(POC), and suspended particulate matter (SPM).
~:’ The near-surface (~<2 m) d~ta gathered at 14 of the 36 mid-channel stations (Fig. 1) are dis-

herein. These data are separated by seasons defmed on the basis of river inflow (Fig. 2),
"winter" consisting of the data. collected from December through April and "summer" July

(Table 1). The data are grouped by station but they are not tidally averaged. The
chosen for discussion are approximately 10 to 12 km apart, a distance comparable to the

tidal excursion (Conomos 1979). The median value and the range of the central 70% of the
made from 1969 through 1977 are used here to represent a "typical" value and the

about this value.

ENVIRONMENTAL SETTING

Bay is influenced by strong winds and tidal currents and highly seasonal fiver inflow
1979). Winds generate large waves which resuspend sediments, vertically mix the water

l, and exert stress on the water surface creating important nontidal currents. The Sacramento
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an~-San Joaquin rivers introduce large volumes of dissolved and particulate substances, generate an
estuarine (gravitational) circulation cell in the northern reach, and create density-induced advec-
tion in the southern reach. Tidal currents, together with wind and river inflow, cause mixing.

The rates of movement and mixing of dissolved and suspended substances are seasonally
modulated, with river inflow being dominant during winter and wind effects dominant during
summer. Tides, although changing character fortnightly, are relatively constant throughout the
year. Incident solar radiation (insolation) varies seasonally (Fig. 3), modulating growth rates of
plants. This production, in turn, results in alteration of the concentrations and distributions of
dissolved and particulate substances. Insolation also heats the water masses and promotes evapo-
ration during summer. The water masses in the northern and southern reaches each have a unique
character because they respond differently to seasonal changes in the rates of physical and bio-
logical processes.

NORTHERN REACH
(1970-77)

800 , , , ,

"~600

_~ 400

t t t
 2oo tt

OCT dAN APR JUL OCT
TIME (months)

Fig. 3. Monthly distributions of insolation in the northern reach. Data averaged from Rich-
mond (1970 through 1973) and San Rafael (1975 through 1977), courtesy of the Bay Area Air
Pollution Control Board.

A Typical Winter

High river inflow (1500 ms.sec"1 ; 80% of annual total) carries large quantities of riverbom~
suspended sediment (3.2 x 106 metric tonnes; 80% of annual total) to the Bay during winte
(Conomos and Peterson 1977). The largest fraction of this influx of water and sediment passe
through the Delta into the northern reach. Although some sediment escapes to the ocean, mos
deposits in the northern reach (Fig. 4). The large volumes of Delta outflow control the salinit~
distribution in the Bay (Fig. 5B) and slightly lower the surface salinifies of the coastal waters (Fi~
6). The longitudinal salinity gradient in the northern reach is compressed slightly and pushe,
seaward (Conomos 1979, Fig. 18). Because the vertical salinity gradient is strong (often 10 °/o
from surface to bottom), this reach becomes a partially mixed estuary. Some of the Delta-derive,
low-salinity water intrudes into the southern reach, stratifying the water with salinity gradients c
5 O/oo from surface to bottom, the high-salinity water present there from the preceding summe;
The cold (10°C) water of the Delta outflow depresses slightly the ambient Bay-water temperature
(Fig. 5A). The exchange of slightly warmer ocean water (Fig. 6) through the Golden Gate is
sufficient to raise the Bay-water temperatures noticeably.                               ~"

During winter the Bay is flushed relatively rapidly by Delta outflow: water parcels rem~
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I SAN FRANCISCO BAY SYSTEM
ANNUAL SEDIMENT BUDGET

I06 METRIC TONS

<0.o.05

Fig. 4. Annual sediment budget of the San Francisco Bay system. Calculations made from
sediment data of Porterfield et al. (1961) and Smith (1965), and from unpublished air-quality data

I of the Environmental Protection Agency.

in the northern reach for only a few weeks and in the southern reach for a few months. Insolation
is low, and together with the relatively low residence times of the cold water masses, the algal bio-
mass is relatively low, and some biologically reactive substances behave conservatively (Peterson et
;al. 1975b). Although the prevailing winds are weak, winter storms are often accompanied by epi-
sodic southeast gales which mix and move water masses (Conomos 1979).

Offshore, the seasonal Davidson Current (Conomos 1979) flows slowly northward. The cold
surface layers are wind-mixed to 50 meters (Fig. 6) and the nutrient levels are relatively

A Typical Summer

Summer is marked by a much decreased and warmer river inflow (Figs. 2, 5A) and diminish-
~ediment influx. The salinity gradients weaken, and the northern reach becomes a well-mixed

(Conomos 1979, Fig. 18). The Delta outflow is not of sufficient magnitude to notably de-
the salinities of the southern reach (Fig. 5B). Here the water mass approaches a near-steady-
condition, the salt from the ocean having diffused landward primarily by tidal mixing. The

: winds shift to the northwest and become substantially strengthened, vertically mix the
~olumn and break down the salinity stratification. The winds also resuspend large quantities

sediment in the shallower areas of the Bay. The sediment in suspension is transported
by nontidal currents and redeposited (Conomos and Peterson 1977).
decreased river inflow, residence times of the water masses are increased to a few

in the northern reach and several months in the southern. Away from the cooling effects

colder ocean water (15°C), the summer water temperatures are 10° warmer than
(Fig. 5A). In the northern reach, the warming effect of the Delta outflow dominates the
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effect of solar heating. In the southern reach, however, solar heating dominates, and water temt
~’atures are often 5°C warmer than Golden Gate waters. The surface warming, in concert with

creased wind speed and long water-~esidence times, "facilitates evaporation of surface waters :
sometimes causes thermal stratification (Conomos 1979). The long residence times also per
sewage-derived substances to accumulate.

The high summer insolation (Fig. 3) results in increased light availability, which is the
mary factor promoting plant growth throughout the Bay (Cloern 1979; Peterson 1979). °
increased light, warmer temperatures, longer water-residence times, and reduced river suppl3
some dissolved substances cause the distributions of biologically reactive substances to be
ticeably affected by the production of plants and cause an increase in the mineralization of org~
matter by bacterial decomposition.

Seaward of the Golden Gate, the Davidson Current is replaced in summer by the southw;
flowing California Current. The surface waters are warmer, saltier and stripped of nutrients by 1
logical production (Fig. 6). The northwest winds induce shallow (~<200 m) coastal upwell
bringing cool nutrient-rich water-closer to the surface.

32 A
MEDtA~ [ (1969-77)

~ AND 70~ ’~l~" RANGE

~ 94

/ B SALINITY

361
(1969-77)

0 ~’I
6 12 14 17 19 21 24 27 30 32 36

STATION NUMBER

Fig. 5. Longitudinal distribution of water temperature (A) and salinity (B) at ~< 2 m du
winter (December through April) and summer (July through October) at near-monthly inte~
(1969 through 1977) at hydrographic stations (Fig. 1).
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3so A’ SUSPENDED PARTICULATE
MATTER (1969-77)

3OO

AND 7o~1~ RANGE
OF OBS. tl~]

~ 1 ~                      ~TER

35. R FLUORESCENCE
(1969-77)

30

!o

I 3 6 9 1’2 I4 17 21 24 27 30 32 36

STATION NUMBER

Fig. 7. Longitudinal distribution of suspended particulate matter (A) and in vivo fluor
cence (B) at ~2 m during winter (December through April) and summer {luly through October)
near-monthly intervals (1969 through 1977) at hydrographic stations (Fig. I).

and biogenous particles, which are organic and may be either living (phytoplankton,
and bacteria) or nonliving (organic detritus). The gross composition of the lithogenous fraction l
been discussed elsewhere (Knebel et al. 1977). The biogenous fraction,
this volume (see for example, Spiker and Schemel [1979] ), is important to this discussion
properties. We report particle dry weight per unit volume as an index of concentration (Fig. ~
Light transmission data (Fig. 8) provide an estimate of the relative attenuation of light caused
both particulate and dissolved matter in the water column. The biogenous particles
by in vivo chlorophyll a fluorescence (Fig. 7B), an indicator of phytoplankton abundance, and
ticulate organic carbon (Fig. 9), a measure of total particulate organic matter abundance.

Sources and Distribution of Suspended Particles. Rivers contribute the bulk of the
nous particles and some biogenous matter, particularly plant fragments (detritus)
phytoplankton, mainly into the northern reach (Porterfield et al. 1961; Conomos and
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o 12o

1 3 6 9 12 14 17 19 21 24 27 30 32 36

i
STATION NUMBER

Fig. 8. Longitudinal distribution of percent light transmission at ~2 m during winter (De-
~mber through April) and summer (July through October) at near-monthly intervals (1969

~_.ro.ugh 1977) at hydrographic stations (Fig. 1).

i!7; Krone 1979; Arthur and Ball 1979; Spiker and Schemel 1979; Peterson 1979; Cloern 1979;

Fig. 7). The ocean contributes marine phytoplankton, mostly during the spring and summer coast-

atwelling season (Cloem 1979).In the shallow areas of the northern reach and in much of the southern reach the primary
source of suspended particles is the substrate, having been distributed by wind waves and tidal

~nts (Conomos and Peterson 1977). Although most of the particles are lithogenous, large
ities of benthic diatoms are present (Nichols 1979). During winter, Delta-derived suspended
les intrude into the southern reach with the stratified water (Carlson and McCulloch 1974).

throughout the Bay, sewage effluents contribute detfital particulate matter (Table 3). Sewage de-

ts be relatively more important during in the southern of the southern reach,may summer part
~m,~e the sewage water discharges exceed those from the local strem-ns(Fig. 10), water-residence
blme is longest, and the ratio of receiving-water volume to sewage-water inflow is low (Table 3).

Z 280 (1970-76)o

’~ 240                     II~’iXAN

STA~ ~MBER

9. Lon~tud~al dist~bution of particulate organic carbon at ~2 m dung winter (De-
Ap~) and summer (July through October) at near-monthly ~te~s (1970

i976) at hydrograp~c stations (Fig. 1). Problems with analy~c~ sensiti~ty prohibited de-
greater th~ 250 ~g-atoms-~ter"~.
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TABLE 3. POINT-SOURCE WASTE-WATER LOADINGS (METRI.C TONNES PER DAY) IN SAN FRANCISCO BAY, 1975a

Waste-water loadings
A B (t.d.1)

Total Biological

Receiving- Waste-water A:B phos- oxygen

Segment . water volumec inflow (Daily Suspended Organic

(USGS Sta. No.)b (kin3) (10-3 km.d-1) ratio) SoLids nitrogen Ammonia NitrateNitrite phorus demand

San Jose-Dumb. Br.
0.09 0.55 154 17.5 3.0 10.7 0.58 0.03 11.0 16.8

(36) 2.4 15.8

Dumb. Br.-San Marco Br.    0.34         0.15     2250      9.7      1.7      2.5     0.11    0.22
(30, 32) 8.1    79.4

San Marco Br.-Bay Br. 2.11 2.88 732 51.1 6.9 10.3 1.05 0.11

(21, 24, 27) 3.1 26.9

Bay Br.-Pt. Richmond 2.01 0.31 6400 13.7 2.5 4.5 0.33 0.02

(17, 19) 1.6 13.4

Pt. Richmond-Carq. Br.      1.52          0.79      1930     12.1      0.8      3.4     0.51    0.03

(12, 14) 0.6

Carq. Br.-Benicia Br. 0.17 0.02 9100 0.7 0.1 0.1 0.02 0.002 0.5

(9) 2.8 14.6

Benicia Br.-Antioctx 0.42d 0.42 995 16.4 0.7 3.3 0.19 0.04

(3, 6) 28.9 165.8

TOTAL 6.65 5.13 1300 121.0 15.6 34.8 2,79 0.45

a Unpublished waste-water data courtesy of California State Water Quality Control BOard, San Francisco Bay Region.

b Station number locations indicated on Fig. 1.
e Data from Selleek et al. 1966; at mean tide level.
d This volume is for the segment between Benicia Bridge and Pittsbu~g.
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effluent ~ows, ~ t~ou~ ~999. St~=~ discb~ [~om U. S.

~sy o[ S~ ~os~-S~t~ C~ W~t~ Do~tio~ Cont~oT

~ Most ~TUc~t~ m~tte~ ~ B~y w=t~s is ~o~=~y d~osit~d o~

est~at~d by s~v~ m~tbods (~J~s. ?, 8, 9), ~ s~ ~ show ~t~ct diffe~o~c~s botwee~
A suspended-particle (turbidly) m~um is present ~ ~e nor~em reach, a ~um

at ~e Golden Gate, ~d a concentration gradient is obse~ed ~creas~g sou~ward
reach.

Se~on~~fferences ~ dist~butions between reaches ~so occur. Typic~ concentx’ations of
particles (Fig. 7A) ~d ~e org~c fraction (Figs. 7B, 9) ~ ~e turbidity m~

s~er ~d ~er ~ ~ ~nter, ~ou~ ~e ~ount of suspended panicles ente~g ~e
reach throu~ ~e Delta is much less th~ w~ter. The converse is tree ~ ~e southern

~ ~dices of p~ticulate matter are ~er dung ~ter. In bo~ reaches ~e ratio of
to tot~ par~cle concentrations is typic~y greater dung su~er ~ ~ter (Fig. 11),

qu~tiW of ~ogenous matter ~ut~g ~e biogenous particles is probably greater dung

Affecting Par~cle Composi~on and Dis~bu~on. Delta-de~ved suspended-particle
~ ~e deeper ch~nels of the nor~em reach are contro~ed p~a~y by ~e estua~e

ce~ generated by Delta outflow (Conomos 1979). A nu~ zone ~d ~ associated tur-
are present as a consequence of ~e tid~y averaged water movements of ~s
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~’circulation cell (Peterson et al. 1975a; Arthur and Ball 1979; Conomos 1979; Festa and Hat
1978). Advective transport traps suspended particles by the convergence of near-bottom curr,
at the null zone and retains them there, forming a particle-concentration maximum (see CI~
1979, Fig. 9).

The abundance and composition of the suspended particles in the turbidity max~
change seasonally in response to relative changes in Delta outflow and biological activity (C,
mos and Peterson 1974; Arthur and Ball 1979; Cloern 1979; see also Peterson et al. 1975b, Fi~
During winter when Delta outflow and its suspended particle load are ttigh, the turbidity n
mum is not as pronounced as during summer, apparently because much of the sediment is he
suspension in the well-stratified upper water layers and advected seaward to the shoal areas
Pablo and Central bays where it is deposited (Conomos and Peterson 1977). Some particles s
out into the lower water layers and are returned landward to the null zone by estuarine cir
tion. Furthermore, in winter there is little or no development of a biogenous-particle compc
to enhance the maximum. There is a low standing stock Of living matter (plankton) as the,
residence time is quite short, and insolation (Fig. 3) and the water temperatures (Fig. 5A
low. The riverborne biogenous fraction (mainly detrital) is advected seaward like the lithog~
matter. Probably few of these biogenous particles are deposited, for the settling rates are .’
what slower than lithogenous matter (Conomos and Gross 1972).

During summer, with the decline of winter high Delta outflow, the concentration of
borne suspended particles supplied to the null zone decreases, but the particle concentration ~
turbidity maximum increases. This is apparently caused by the greater volumes of resusp,
sediment transported landward by the near-bottom nontidal currents (Conomos and Pet

PARTICULATE ORGANIC CARBON
(1970-76)

SUMMER

AND 70% RANGE
~ OF OBS.

0 3 6 9 12 14 17 19 21 24 2"/’ :50 32

STATION NUMBER

Fig. l 1. Longitudinal distribution of the ratio (in percent) of particulate organic rr
total suspended particulate matter (by dry weight) at <~2 m winter {December through A!
summer (July through October) at near-monthly intervals (1970 through 1976) at hydr,
stations (Fig. 1).
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1977) and by the greater production of organic matter (phytoplankton) in the null zone by phy-
toplankton (Cloern 1979; Feterson 1979; Arthur and Ball 1979). The high influx of resuspended
material to the turbidity maximum is made possible by greater wave-induced resuspension present
during summer (see Conomos 1979, Figs. 6, 7, 8). The higher standing stock of phytoplankton is
maintained by estuarine circulation, the higher production of phytoplankton associated with the
null zone (Peterson et al. 1975a, b), and the greater amounts ofbiogenous matter exported from
the surrounding marshes (Arthur and Ball 1979;Bali and Arthur 1979).

There is no estuarine circulation cell in the southern reach because little river inflow dis-
charges directly into the southern boundary (Conomos 1979). The high particle concentrations at
the southern boundary are contributed by local streams and major sewage discharges (Fig. 7A).
The concentrations of both the lithogenous and biogenous fractions are high because the receiving-
water volume is small relative to these inputs (Fig. 10; Table 3) and advective transport is negli-
gible. Furthermore, the effects of wave-induced resuspension are increasingly important in a south-
eastward direction because the water becomes progressively shallower and the wind fetch increases.
Although the water of northern boundary of the southern reach is a sink because of dilution with
less turbid ocean water, turbid Delta-derived water intrusions may sometimes act as secondary
sources of suspended particles during winter. Considering the sluggish circulation of this reach

I (Conomos 1979) the gradient implies that, overall, particles introduced at the southern boundary
are diffused northward by tidal-current and wind mixing. From the limited .data available (Smith

~ 1965), it appears that not only does the southern reach not accumulate much new sediment, but
in the last several decades it could be losing sediment to the northern reach (Fig. 4).

Seasonal differences in particle concentrations of the southern reach are not modulated only
by Delta outflow. The higher winter concentrations of suspended particles throughout the gradient

I (Fig. 7A) are also caused during these months by the higher inputs of local streams and storm over-
flow drains from the south.

The higher concentrations of the particulate organic fraction (Figs. 7B, 9) in the southern
reach during winter are apparently caused by an increase of the living matter, as sewage inputs
(mainly detrital) are relatively constant throughout the year. The relative contribution of sewage-
derived detritus should be lower because it is diluted by increased stream inflow during these
winter months. This increase is probably caused by the photosynthetic activity .(spring bloom)
~urring during the latter months of the winter period (February through April) (Cloern 1979;
~hernel and Dedini 1979b). The .fluorescence data, replotted so that winter (December through

is subdivided into winter (November through February) and spring (March through June)
that the spring chlorophyll a concentrations are higher than those during summer or winter

~lg, 12A). This has been previously demonstrated with southern-reach particulate organic carbon
d Dedini 1979b).

We believe that production occurs in situ because the mixing characteristics of this reach
1979) prevent advection from great distances. High production and the abundance of

and zooplankton associated with the leading edges of the low-salinity Delta-derived
masses (Cloem 1979) are not usually found this far south. Our limited knowledge of the

(Cloern 1979) and benthic diatom (Nichols 1979) distributions, suggests that the
the channels near the southern boundary grow in situ or grow in. the river channels,
~hoal areas, and adjacent marshes during the spring months and then are flushed into the

These seemingly anomalous higher winter concentrations of living organic particles
! that photosynthetic activity, higher production of oxygen, and higher utilization of plant

occur during winter than summer in the southern reach. This is opposite to the seasonal
in Suisun Bay.

production noted during the latter part of the winter season rather than during
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STATION NUMBER

Fig. 12. Longitudinal distributions of in vivo chiorophy~ a fluorescence (A) and
oxygen saturation (B) at ~2 m du~_ug winter (November t]~roug~ Feb~tary), sp~ng
through June) and summer (July through October) at near-monthly intervals (1969 through
at hydrographic stations (Fig. 1).

summer may reflect the relative availability of light and the stability of the
nutrients are abundant throughout the Bay (particularly at the southern boundary of
reach; Figs. 14, 15, 16), light probably limits primary production 0aeterson 1979; Cloem
Arthur and Ball 1979; Ball and Arthur 1979). In areas of constant water depth, three
determine light levels available to algae: amount of daily insolation, relative turbidity
and relative stability of the water column. During the months we chose as winter, the
20% less than that of summer (Fig. 3) and the waters are, on the average, more turbid (Figs.
8). Considering these factors alone, primary production should be greater during summer.
ever, the increased freshwater inflows .during winter cause salinity-induced vertical
cation as well as contribute to turbidity. This stratification, wMch tends to maintain the algal
in the photic zone and thus expose them to more light during the latter part of winter than
summer, is maintained during long periods (weeks) of relative quiescence because
wind-generated waves of summer are absent (Conomos 1979, Fig. 8). The high winter
April) production in the northern part of the southern reach, and probably the southern
well, is a result (Cloern 1979).

Dissolved Oxygen

The distribution of oxygen differs from that of conservative properties such
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tperaturein that it is reactive: it is associated with in carbon andbiologically closely changes
t-nutrient concentrations. Dissolved oxygen is influenced by a variety of important processes:

(1) exchange of oxygen across the water surface through atmospheric invasion (gain) and out-

l ing (loss); (2) photosynthesis; (3) respiration by plants and animals, decomposition of organic
ter by bacteria and chemical oxidation; and (4) advection and diffusion.

Dissolved oxygen concentrations in the near-surface waters show marked spatial and seasonal

~.erns. The winter oxygen concentrations throughout the Bay are notably higher than those
g summer (Fig. 13A), promoted in part by the greater solubility of oxygen in colder water
5A). The temperature control of oxygen solubility is also evident at the Golden Gate (Station

i during summer, where higher concentrations are present in the colder ocean water. Oxygen
centrations generally decrease from north (Delta) to south (Station 36) throughout the year.

Peterson (1979) indicates that the atmosphere, Delta outflow and oxygen production by
photosynthesis are oxygen sources, whereas the ocean and respiration (both in the water column
~ on the substrate) are oxygen sinks. Of these oxygen sources, atmospheric exchange rates are
Ich greater than the mixing and advective inputs from Delta outflow. Although oxygen invasion
r~m the atmosphere is significant, it is more than offset by oxygen losses to the substrate (benthic

~i~piration). Production of oxygen by photosynthesis in the photic zone of the water column out-
lghs respiration below the photic zone. Oxygen loss by the oxidation of sewage waste is appa-
!l~tly minor, and the gain of oxygen by Delta outflows is in approximate balance with the loss to
the ocean. The northern reach, then, is an oxygen sink to Delta outflow and atmospheric invasion,

l is a source of oxygen to the adjacent ocean and to the southern reach.

.    Although no similar budget has been made for the southern reach, this reach also appears to
be an oxygen sink. The rates of the processes utilizing oxygen (i.e. uptake by the substrate, bacte-

i l decomposition of the copious quantities of organic wastes, respiration of plants) seem greater

"’~Z X OXYGEN CONCENTRATION
8oo (1969-77)

o~~J ~ 200 SUMMER--

140
~’ B’ OXYGEN SATURATION

~Z 120" (1969-77)

~ ~, ~p_~ 60 RANGE~t~AND 70%

,,o LV

STATION NUMBER

1:3. Lon~tudin~ distributions of dissolved oxygen concentration (A) and percent o×y-
(B) at ~<2 m du~i~g water (December through April) and summer (July t]~ou~h

at near-monthly inte~als (1969 through 1979) at hydTo~ap~o st=tio=s (]Fig. i).
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than those contributing oxygen (i.e. photosynthesis, atmospheric invasion, intrusion of oxygenat
ed Delta outflow and ocean water).

Seasonal differences in the rates of the processes determining dissolved oxygen conce~
trations are not well understood. Oxygen saturation is greater during summer than winter in th
northern reach, whereas in the southern reach, the converse is true (Fig. 13B). The high photo
synthetic rate during summer in the northern reach apparently causes the higher oxygen saturatio
values since advection of Delta-derived oxygen is less than in winter. Oxygen utilization by benthi
respiration of organic-matter decomposition is probably higher because of the higher water terr
peratures.3

Even less is known about the relative rates of oxygen production and utilization in tb
southern reach. The higher winter saturation values are apparently caused by the high phot~
synthetic activity during the latter part of the winter season (Fig. 12B) and the lower demand fl
the oxidation (decomposition) of sewage because of increased flushing and dilution and cold~
ambient water temperatures (Fig. 5A).

Plant Nutrients

The plant nutrients, like dissolved oxygen, are nonconservative and vary considerably wiT
both space and time. These substances, in their simpler dissolved inorganic forms, are required fi

the nutrition of primary producers such as phytoplankton, benthic algae, and vascular mar,,
plants. Because these nutrients are taken up (during photosynthesis) and released (regenerated t
mineralization of organic matter) in relatively predictable ratios (Redfield’et al. 1963) it is necess
ry to consider both their spatial and seasonal distributions as well as their relation to one anoth~

Nutrient Sources and Sinks. River inflow, the ocean, sewage inputs, and marsh drainage a
the primary sources of nutrients in the Bay. Inputs from the ocean and sewage effluents are reI
tively constant throughout the year, whereas the inputs from the rivers and marshes show co
siderable seasonal variability. A secondary source is mineralization in the water column and c
the substrate. Sinks include the ocean, the substrate, and perhaps the marshes.

Temporal differences in nutrient concentrations, free of the effects of large tidal variatiol
are best represented geographically when data are correlated with salinity rather than distan
(Fig. 14). The Bay-wide covadance of the nutrient concentration with salinity during any surw
period forms a continuous array of data points that form a "v"-shaped distribution curve. Sucl
distribution suggests a three-component system with sources of markedly differing nutrient c(
centrations and relative ratios. These major sources are river water (Delta outflow), ocean wa"
(Golden Gate exchange), and local stream inflow and sewage effluent (ambient waters of ~
southern boundary of the southern reach). Although these vary seasonally in response to chan~
in supply and removal rates, they remain in a similar pattern from year to year. On the basis
Bay-wide distributions, the southern boundary of the southern reach is believed to be the ma.
source of phosphate, ammonia and nitrate+nitrite to the southern reach whereas Delta outflov
the major source of silicate to the northern reach. "Ocean water" contains moderate concen~
tions of phosphate, ammonia and nitrate+nitrite. Because of mixing with Bay water these yah
are somewhat higher than "true" ambient coastal-ocean water (Conomos and Peterson 1975), l
they do generally reflect the seasonal fluctuations of ocean nutrient supply controlled by coas
upwelling (Fig. 6).

In the northern reach, nutrient supply is dominated by Delta outflow and exchange with
ocean (Conomos and Peterson 1975; Peterson 1979). The winter input of all nutrients from

a We tacitly assume that the atmospheric invasion rate of oxygen is relatively constant between seas’
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I Delta is at least ten times greater than during summer. The relatively constant ocean and sewage
inputs are usually insignificant compared to Delta inputs. Supply from the mudflats and marshes
is possibly important but is as yet not measured. Significant amounts of ammonia and phosphatel are contributed by sewage effluents, whereas the ocean and Delta outflow are the major sources
of nitrate+nitrite and silicate. The nutrients in the southern reach are primarily contributed by
sewage effluents although exchange from the substrate can also be important: during summer,

I more silicate can be contributed from the substrate (D. Hammond pers. comm.) than from sewage
inflow.

Despite the large man-derived additions of nutrients to the Bay, the fact that the Bay is

I ’ ’ ’ ’ ’ ’ A ’ ~ ’ ’ ’ ~ B

o ®

!

o"

~ 4o 4Ol-

2o 2o[-

6~Ooa o °°

¯

0    ¯ b’. I*    I     I     I     ’1              O I     I    "I ¯    I     l     I

14. Longitudinal distribution of plant nutrieats and salinity at <2 m during June and
1972 in the 8an Francisco Bay. Geographic end members are S-S J-Sacramento-San

(Station 1); GG-Golden Gate (Station 19); SB-South Bay (Station 36). Mean monthly
(Q) data are calculated by the U. S. Bureau of Reclamation. From Conomos and

1975.
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~uaturally nutrient-rich precludes detection of changes in the biota resulting from these additio

Processes Controlling Nutrient Distributions. The nutrient concentrations of the water so
ces have been used, together with estimates of the relative fluxes to estimate the major sources
the nutrients in the northern reach. The relative linearity of the nutrient-salinity relations (Fig.
has allowed us to estimate the amount, location, and timing of apparent net nutrient utilization
regeneration in the northern reach (Conomos and Peterson 1975; Peterson et al. 1975a, 1978).

Because near-surface salinity covaries in a general way with distance in the northern re:
(see Peterson et al. 1975a, Fig. 9), this relation can be extended to summaries of nutrient conc
trations along a longitudinal section (Figs. 15, 16). The winter silicate distribution in the north
reach is relatively linear (Fig. 15A), suggesting that the contrast between utilization and mine~
zation is minor in comparison to supply by Delta outflow. During summer, however, utilization

,,~ ~ OtiS.

: 200

~ B PHOSPHATE
0 ~oo (~969-77)-r- 7o~
0..

0~

i:’ 20
I-.

6 9 12 14 !7 19 91 24 27 30 3’7’ 36
STATION NOMBER

Fig. 15. Longitudinal distribution of reactive silicate (A) and orthophosphate (B) at -<
during winter (December through April) and summer (July through October) at near-month
tervals (1969 through 1977) at hydrographic stations (Fig. 1).
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A              NITRATE + NITRITE
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Fig. 16. Lon~din~ distribution of nitrate+nitrite (A) and ammo~a (B) at ~2 m dung
~ter (December throu~ Ap~) and summer (July t~ough October) at ne~-mont~y inte~Ms
(throu~ 1977) at hydrograp~c stations (Fig. 1).

~gae may exceed Delta ~put ~d me~ v~ues ~ow a marked departure from ~eafiW. ~e
m~um apparent u~ation occurs ~ ~e n~ zone (see ~so Conomos ~d Peteaon 1974,

.1975;Peterson et ~. 1975a).
Relative season~ concentration differences are reversed ~ the sou~em reach, however, ~

~er s~cate concentrations exceed ~ose of ~ter (Fig. 15A). The season~ v~afions ~ s~-
: :: ~te are contro~ed by stre~ ~puts, dilution, flus~g ~d nutrient upt~e by phytopl~on.4

~d ~e substrate ~puts are relatively constant ~rou~out ~e year. ~ ~e absence of
by phytopl~kton, ~e stre~ inpu~ should be greater ~ ~ter ~ su~er.

We suggest ~at ~e ~bient s~cate concentrations ~e lower dung ~ter because ~e
of s~cate remove, caused by phytopl~kton u~ation dung ~e latter p~ of ~ter
17A) is apparently greater ~ dung su~er. T~s ~te~retafion is consistent ~ ~e

a (Figs. 7B, 12A) ~d oxygen-saturation (Figs. 12B, 13B) ~stfibufions discussed
Fur~e~ore, it appears ~at s~cate ~ffuses upward from the substrate at a rate excee~g

Ou~ interp~e~fion of ~e ~elafive ~po~t~ce of processes occu~ng here is speculative because ~e~e
* nu~ent data f~om most important sou~em-~each s~e~s.
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the~r~te of input from local streams and sewage inputs. The concentrations are lower during winter
because the water is flushed more rapidly.

Seasonal differences in phosphorus, nitrate+nitrite and ammonia concentrations in the
northern reach are not large (Figs. 15B, 16A, B): The processes and rates which control supply and
removal, like silicate, are seasonally modulated by Delta outflow. Summer utilization rates are
greater in comparison to supply rates at the null zone because of high phytoplankton production
(Peterson et al. 1975b; Peterson 1979).

During winter, rates of phytoplankton production decrease and shift the utilization-re.
generation balance toward regeneration. The biogenous fraction of the suspended matter (viable

NITRATE ÷ N~TR{TE

~M~

17 19 21 24 27
STA~ON NUMBER

Fig. 17. Longitudinal distribution of reactive silicate (A), nitrate+nitrite (B), and amino
(C) at ~<2 m during winter (November through February), spring (March through June)
summer (July through October) at near-monthly intervals (1969 through 1977) at hydrogral;
stations (Fig. 1).
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pro~duction can be expected to remove about 16 times more nitrate (by atoms) than phosphate.
Winter concentrations of these nutrients are higher than those of summer perhaps because the
supply of additional nitrate+nitrite and ammonia by local stream inflow is greater than the remo-
val by algae. Ambient phosphorus is physically removed during winter by the flushing action of
the Delta-derived low-salinity, low-phosphate water (McCulloch et al. 1970; McCulloch 1972) and
by dilution and limited flushing by local streams. Seasonal differences in vertical fluxes of phos-
phate and nitrogen between the substrate and water column have not been defined.

Dissolved Inorganic Carbon

Like oxygen, carbon dioxide (CO2)plays a fundamental role in the metabolism of orga-
nisms. Photosynthesis, which combines COs with other substances to form algal biomass and
oxygen, and mineralization and respiration, which release COs to the water, are basic biological
processes which affect the chemistry of aqueous systems. Estuarine waters contain dissolved
inorganic carbon as CO2 carbonic acid, and bicarbonate and carbonate ions. These ion form~
contribute the largest fraction of the alkalinity (see Spiker and Schemel 1979). A net effect ot
aquatic primary production is removal of COs from the water. Since dissolved COs is in equilibri
um with bicarbonate, carbonate, and hydrogen ions, removal of COs also decreases the hydrogen
ion concentration, thus increasing pH. It follows then that observed distributions of pH (an(
alkalinity to a lesser extent) in estuaries can show the net effects of biologic processes (photo
synthesis, mineralization, and respiration) and may demonstrate sources and sinks of inorgani,
carbon.

In the northern reach, mixing of river and ocean waters determines major features of th
pH and alkalinity distributions (Fig. 18A, B). Alkalinity in the northern reach typically increase
near-linearly with salinity from river values of about half that of ocean water. The lower alkalin:
ties during winter probably reflect generally lower salinities (Fig. 5) and consequently the smallc
fraction of higher-alkalinity ocean water. However, summer values apparently can increase due t
higher river alkalinity (Spiker and Schemel 1979). In contrast to the northern reach, the alkalinit.
of the southern reach typically increases with decreasing salinity in a southward direction reflec
ing the influence of waste inputs. During winter, ambient alkalinities are lowered because of tt
intrusion of lower-alkalinity Delta-derived water from the northern reach. During summer, the,’
intrusions diminish and waste inputs increase alkalinity. The substrate is probably an addition
alkalinity source.

Observed distributions of pH in the Bay can be complex because temperature, salinity, al~
linity, and processes which supply or remove COs all significantly affect pH. In the-northe
reach, mixing of river and ocean waters alone would result in a non-linear pH-salinity distributi.
(Mook and Koene 1975). This assumes a typical northern-reach alkalinity distribution (Fig. 18
and that Delta outflow, which is typically over-saturated with COs by a factor of two or three
mixing with ocean water which is in near-equilibrium with the atmosphere (Spiker and Scher,
1979). Lateral variations in water temperature would further complicate the distribution beca~
COs solubility is temperature dependent.

The pH distributions (Fig. 18A) are consistent with our understanding of processes affect
dissolved COs in the Bay. In general, pH in the northern reach appears primarily to be the res
of mixing river and ocean waters during winter. Since pH is temperature dependent, a winteI
summer temperature increase of 10°C would result in a decrease in pH of about 0.1 unit, if
other factors (salinity, alkalinity, etc.) were constant. However, median values during summer
higher than those in winter near the null zone. In that region high values together with high chic
phyll a fluorescence (Fig. 7B), suggest that the high photosynthetic activity found here (Clc
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1.979; Peterson 1979) is perhaps most significant in affecting the pH distribution during summer.
Considering the winter to summer water-temperature increase (Fig. 5B), median pH values

in the southern reach do not indicate major differences in the factors affecting the distributions.

I VCaste-water is effective in lowering pH to the souths. The lower median pH value at Station 36
during summer is possibly caused by the greater effectiveness of waste inputs and higher rates of
mineralization at the warmer summer water temperatures. The range of pH is greater during sum-

,mer, suggesting that photosynthetic activity, respiration, and mineralization may each dominate
lat particular times. However, tidal effects and the temperature range may account for much of the

summer pH range.,

1
RESEARCH NEEDS

Development of a long-term (long period of record) data base is necessaly to distinguish

lYeafly variations and trends from important short-term events such as storms and freshets. Fur-
ther, the data presented herein need to be extended into three dimensions by mapping the vast
shallow areas of the Bay. The major external sources of dissolved and particulate substances (from

i
sewage outfalls, rivers, and "nonpoint sources" such as street runoff, marshes and sloughs) need to
be monitored quantitatively. Such mapping and monitoring tasks, while not simple, are relatively
straightforward. Equally important are the exchange rates of these parameters at the boundaries:
the atmosphere and substrate (Hammond and Fuller 1979) and ocean (Conomos 1979) need to be

Imeasured. And, of paramount importance are measurements of the rates of biological processes
within the water column and on the substrate, such as photosynthesis by benthic and planktonic
algae and regeneration of particulate organic matter by bacteria and zooplankton (Cloern 1979;

mNichols 1979; Peterson 1979). These measurements are considerably more difficult to make.
l    Finally, we must better understand hydrodynamic processes such as transport and mixing
Iof the water masses because these processes largely determine the biological processes in the Bay.

tl
lJntil such information is available, we must depend on the measured seasonal features of the
fiver hydrograph for making a preliminary separation of the physical processes involved.

ACKNOWLEDGMENTS

~ We thank J. E. Cloern, D. E. Hammond, S. N. Luoma and F. H. Nichols for reading the
~uscript and making helpful suggestions that improved our discussion. We are indebted tofor
many other persons as well, particularly A. E. Alpine, B. E. Cole, L. A. Dedini, R. E. Hemdon, D.

Harmon, Anne Hutchinson, S. M. Wienke, and R. L. J. Wong, for able and enthusiastic labora-
and field assistance and for valuable comments offered during the course of our continuing

LITERATURE CITED

L., S. W. Hager, L. I. Gordon, and P. K. Park. 1971. A practical manual for use of the
AutoAnalyzer in seawater nutrient analyses, revised. Department of Oceanography,

State University, Corvallis, Ore. Ref. 71-22.

processes related to waste-waters can contribute to the observed distribution and levels of pH. Waste
may be g~eatly over-saturated with CO~, and mineralization of the high organic-carbon content of

produces CO2 in the southern reach. The high total CO2 content of waste water (see Spiker and
1979) and our data (Fig. 18B) suggest that alkalinity is high in the effluent itself, a factor which would
� pH distribution.

139

C--050045
C-050045



SAN FRANCISCO BAY

~.rthur, J. F., and M. D. Bail. 1979. Factors influencing the entrapment of suspended material i
the San Francisco Bay-Delta estuary. Pages 143-174 in T. J. Conomos, ed. San Francisco Bay
The Urbanized Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Ball, M. D., and J. F. Arthur. 1979. Planktonic chlorophyll dynamics in the northern San Fra~
eisco Bay and Delta. Pages 265-285 in T. J. Conomos, ed. San Francisco Bay: The Urbanize
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Carlson, P. R., and D. S. McCulloch. 1974. Aerial observations of suspended sediment plumes i
San Francisco Bay and the adjacent Pacific Ocean. J. Res. U. S. Geol. Surv. 2(5):519-526.

Carpenter, J. H. 1965. The Chesapeake Bay Institute technique for the Winlder dissolved oxyg~
method. Limnol. Oceanogr. 10:141-143.

Churgin, L, and S. I. Halminski. 1974. Key to oceanographic records documentation No. 2. Ter
perature, salinity, oxygen, and phosphate in waters off the United States. Vol. III. Easte:
North Pacific. National ~Oceanic and Atmospheric Administration, U. S. Department of Cot
merce, Washington, D. C. 259 pp.

Cloern, L E. 1979. Phytoplankton ecology of the San Francisco Bay system: The status of o
current understanding. Pages 247-264 in T. J. Conomos, ed. San Francisco Bay: The Urbaniz,
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Conomos, T. :L 1979. Properties and circulation of San Francisco Bay waters. Pages 47-84
T. J. Conomos, ed. San Francisco Bay: The Urbanized Estuary. Pacific Division, Amer. Ass~
Advance. Sci., San Francisco, Calif.

Conomos, T. J., and M. G. Gross. 1972. River-ocean suspended particulate matter relations
summer. Pages 176-202 in A. T. Pruter and D. L. Alverson, eds. Columbia River Estuary a
Adjacent Ocean Waters: Bioenvironmental Studies. Chap. 8. University of Washington Pre
Seattle, Wash.

Conomos, T. J., and D. H. Peterson. 1974. Biological and chemical aspects of the San Francis,
Bay turbidity maximum. Mere. Inst. du Bassin d’Aqultaine 7:45-52.

Conomos, T. J., and D. H. Peterson. 1975. Longitudinal distribution of selected micronutrie
in northern San Francisco Bay during 1972. Pages 103-126 in R. L. Brown, ed. Proceedings
a Workshop on Algal Nutrient Relationships in the San Francisco Bay and Delta (8-10 Nov~
ber 1973, Clear Lake, California). San Francisco Bay and Estuarine Assoc.

Conomos, T. J., and D. H. Peterson. 1977. Suspended particle transport and circulation in ,~
Francisco Bay: An overview. Pages 82-97 in M. Wiley, ed. Estuarine Processes. Vol. 2. Aca
mic Press, New York.

Conomos, T. $., F. H. Nichols, R. T. Cheng, and D. H. Peterson. 1978. Field and modeling stu~
of San Francisco Bay. Pages 1917-1927 in Vol. 3, Coastal Zone ’78. Symp. on Technical,
vironmental, Socioeconomic and Regulatory Aspects of Coastal Zone Management, March
16, San Francisco, Calif.

Culberson, C., R. M. Pytkowiez, and J. E. Hawley. 1969. Seawater alkalinity determinatior~
the pH method. J. Mar. Res. 28:15-21.

Festa, ~. F., and D. V. Hansen. 1978. Turbidity maxima in partially mixed estuaries: A ~
dimensional numerical model. Estuarine Coastal Mar. Sci. 7:347-359.

Hammond, D. E., and C. Fuller. 1979. The use of Radon-222 to estimate benthic exchange
atmospheric exchange rates in the San Francisco Bay. Pages 213-230 in T. J. Conomos, ed.
Francisco Bay: The Urbanized Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San F
cisco, Calif.

Harris, H. S., D. L. Feuerstein, and E. A. Pearson. A pilot study of physical, chemical and b
gical characteristics of waters and sediments of south San Francisco Bay (south of Dumba
B~idge). SERL Report. University of California, Berkeley, Calif.

Kahn, L., and F. T. Brezenski. 1967. Determination of nitrate in estuarine waters. Environm,
Science Technology 6:488-491.

Knebel, H. J., T. J. Conomos and J. A. Commeau. 1977. Clay-mineral variability in the suspe
sediments of the San Francisco Bay system, California. J. Sed. Petrol. 47:229-236.

140

C--050046
(3-050046



I CONOMOS ET AL: WATER PROPERTIES

~rone, R.B. 1979. Sedimentation in the San Francisco Bay system. Pages 85-96 in T. J. Cono-

I mos, ed. San Francisco Bay: The Urbanized Estuary. Pacific Division, Amer. Assoc. Advance.
SCI., San Francisco, Calif.
renzen, C. J. 1966. A method for the continuous measurement of in vivo chlorophyll concen-
tration. Deep-Sea Res. 13:223-227.
Carry, J. C., R. A. Wagner, M. Macomber, et al. 1962. An investigation of water and sediment
quality and pollutional characteristics of three areas in San Francisco Bay 1960-1961. Sanitary

i Engineering Research Laboratory, University of California, Berkeley, Calif. 571 pp.
cCulloch, D. S. 1972. Seasonal flushing of South San Francisco Bay: 1969-1972. Pages 39-46
in V. A. Frizzell, ed. Progress Report on U. S. Geological Survey Quaternary Studies in the San
Francisco Bay Area. Guidebook for Friends of the Pleistocene.

leCulloch, D. S., D. H. Peterson, P. R. Carlson, and T. J. Conomos. 1970. Some effects of fresh-
water inflow on the flushing of South San Francisco Bay: A preliminary report. U. S. Geol.
Surv. Circ. 637A. 27 pp.

Miller, R. C., W. D. Ramage, and E. L. Lazier. 1928. A study of physical and chemical conditions
l in San Francisco Bay especially in relation to the tides. Univ. Calif. Publ. Zool. 31:201-267.
~Iook, W. G., and B. K. S. Koene. 1975. Chemistry of dissolved inorganic carbon in estuarine and

coastal brackish waters. Estuarine Coastal Mar. Sci. 3:325-336.

l ichols, F. H. 1979. Natural and anthropogenic influences on benthic community structure in
San Francisco Bay. Pages 409-426 in T. J. Conomos, ed. San Francisco Bay: The Urbanized
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Pearson, E. A., P. N. Storrs, and R. E. Selleek. 1967. Some physical parameters and their signifi-

I cance in marine waste disposal. Pages 297-315 in T. A. Olson and F. J. Burgess, eds. Pollution
and Marine Ecology. Interscience-Wiley & Sons, New York.

carson, E. A., P. N. Storrs, and R. E. Selleck. 1969. A comprehensive study of San Francisco
Bay. Final report. Vol. III. Waste discharges and !0adings. SERL Rep. 67-3. 98 pp.

leterson, D. H. 1979. Sources and sinks of biologically reactive oxygen, carbon, nitrogen, and
silica in northern San Francisco Bay. Pages 175-193 in T. J. Conomos, ed. San Francisco Bay:
The Urbanized Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

D. H., T. J. Conomos, W. W. Broenkow, and P. C. Doherty. 1975a. Location of the
nontidal current null zone in northern San Francisco Bay. Estuarine Coastal Mar. Sci. 3:1-11.

D. H., T. J. Conomos, W. W. Broenkow, and E. P. Scrivani. 1975b. Processes controlling
the dissolved silica distribution in San Francisco Bay. Pages 153-187 in L. E. Cronin, ed. Estu-
arine Research. Vol. 1. Chemistry and Biology. Academic Press, New York.

D. H., J. F. Festa, and T. J. Conomos. 1978. Numerical simulation of dissolved silica in
Francisco Bay. Estuarine Coastal Mar. Sci. 7:99-116.

N. L. Hawley, and C. A. Dunnam. 1961. Fluvial sediments transported by streams
tributary to the San Francisco Bay area. U. S. Geol. Surv. Open-File Rep. 70 pp.

A. C., B. H. Ketehum, and F. A. Richards. 1963. The influence of organisms on the
of sea water. Pages 26-77 in M. N. Hill, ed. The Sea. Vol. 2. Interscience, New

Water Quality Control Board. 1975. Water quality control plan, San Francisco Bay Ba-
a (2). Part 1. State Water Resourc~es Control Board, San Francisco Bay region (2). 135 pp.

L. E., and L. A. Dedini. 1979a. A continuous water:sampling and multiparameter-
;ystem for estuaries. U. S. Geol. Surv. Open-File Rep. 79-273. 92 pp.

L. E., and L. A. Dedini. 1979b. Particulate organic carbon in San Francisco Bay, Cali-
1971-1977. U. S. Geol. Surv. Open-File Rep. 79-512. 30 pp.

R. E., B. Glenne, and E. A. Pearson. 1966a. A comprehensive study of San Francisco
report. Vol. VII. A model of mixing and dispersion in San Francisco Bay. SEKL

~:67-1. 111 pp.
E., E. A. Pearson, B. Glenne, and P. N. Storrs. 1966b. A comprehensive study of San

Final report. Vol. IV. Physical and hydrological characteristics of San Francisco

141

C--050047
C-050047



SAN FRANCISCO BAY

Bay.~SERL Rep. 65-10. 99 pp.
Smith, B. I. 1965. Sedimentation in the San Francisco Bay system. Pages 675-708 in Proc. Fede-

ral Interageney Sedimentation Conf. 1963. U. S. Dep. Agr. Misc. Pub. 970. 933 pp.
Smith, R. E., R. E. Herndon, and D. D. Harmon. 1979. Physical and chemical properties of San

Francisco Bay waters, 1969-1976. U.S. Geol. Sure. Open-File Rep. 79-511. 630 pp.
Solorzano, L. 1969. Determination of ammonia in natural waters by the phenolhypochlorite

method. LimnoL Oceanogr. 14:799-801.
Spiker, E. C., and L. E. Schemel. 1979. Distribution and stable-isotope composition of carbon in

San Francisco Bay. Pages 195-212 in T. J. Conomos, ed. San Francisco Bay: The Urbanized
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Storrs, P. N., E. A. Pearson, and R. E. Selleck. 1966. A comprehensive study of San Francisco
Bay. Final report. VoI. V. Summary of physical, chemical and biological water and sediment
data. SERL Rep. 67-2. 140 pp.

Storrs, P. N., E. A. Pearson, H. F. Ludwig, R. Walsh, and E. J. Stann. 1968. Estuarine water qua-
lity and biological population indices. J. International Assoc. Water Pollution Res. 2(1): 128-
129.

Storrs, P. N., E. A. Pearson, and R. E. Selleck. 1969. A comprehensive study of San Francisco
Bay. Final report. Vol. VI. Water and sediment quality and waste discharge relationships.
SERL Rep. 67-4. 80 pp.

Sumner, F. B., G. D. Louderback, W. L. Schmitt, and E. C. Johnston. 1914. A report upon the
physical conditions in San Francisco Bay, based upon the operations of the United States
Fisheries steamer Albatross during the years 1912 and 1913. Univ. Calif. Publ. Zool. 14(1):
1-198.

Strickland, J. D. H., and T. R. Parsons. 1972. A practical handbook of seawater analysis. Can..
Fish. Res. Bd. Bull..167, 2nd ed., pp. 21-28.

Technicon Corporation. 1973. Nitrate and nitrite in water and waste-water. Technicon AutoAna-
lyzer. Industrial Method No. 100-70W. Released Sept. 1973.

Technicon Corporation. 1976. Silicates in waste and wastewater. Technicon
Industrial Method. No. 105-71WB. Released Feb. 1973/revised Jan. 1976.

142

C--050048
C-050048



FACTORS INFLUENCING THE ENTRAPMENT OF SUSPENDED
MATERIAL IN THE SAN FRANCISCO BAY-DELTA ESTUARY

JAMES F. ARTHUR AND MELVIN D. BALL
U. S. Bureau of Reclamation, 2800 Cottage Way, Sacramento, CA 95825

Inorganic suspended particulate matter, turbidity, particulate nvtrients, phy-
toplankton, Neomysis mercedis (Holmes), certain other zooplankton, and juve-
nile striped bass (young-of-the-year) accumulate in an entrapment zone located
in the upper San Francisco Bay-Delta estuary (Sacramento-San Joaquin River
System). The location of this entrapment zone is regulated by the magnitude
and the pattern of river inflow, as well as the tidal excursion. At Delta outflow
indices of 20 ms’s"1 , the zone was located 40-45 km upstream of its location at
1,800 m3"s-1 tidal movement of the zone is from 3 to I0 km, depending on ti-;
dal phase and height. The location of the zone is related to, and can be approxi-
mated from, specific conductance values of 2 to 10 millimho-cm"x (1-6 % o sali-
nity). The concentration of constituents in the zone varied directly with Delta
outflow, water depth, and tidal velocity. Depending on the constitutent and en-
vironmental conditions at the time of measurement, the suspended-material con-
centration varied from as little as twice to as much as several hundred times the

..~upstream or downstream concentration. The most significant environmental as-
pect of the entrapment zone may be that the quantity of phytoplankton and

! certain other estuarine biota appear to be enhanced when the zone is located in
i upper Suisun Bay.

Bureau of Reclamation (USBR) and the California Department of Water Resources (DWR)

~anCall for large pumped diversions from the southern portion of the Sacramento-San Joaquin
and possible construction of a drain (for removal of saline subsurface agricultural water from

Joaquin Valley) which may discharge in the general vicinity of Suisun Bay.
The USBR is cooperating with the U. S. Fish and Wildlife Service (USFWS), the California

’~rtment of Fish and Game (DFG), and DWR in conducting environmental studies ("Interagen-
-3~cological Study Program") to evaluate the potential impact of these projects on the estuary. -

chapter describes one aspect of tl~s program: the determination of how changes in Delta out-
and flow patterns, attributable to the operation of the federal and State water projects,.-

’~lt influence the distribution and abundance of estuarine phytoplankton and other particulate
~rial (Ball 1977; Arthur and Ball 1978). Among the factors evaluated thus far, the entrapment

appears to be a major feature regulating the phytoplankton standing crop in Suisun Bay
1975; Arthur and Ball 1978).

BACKGROUND
~Phytoplankton are important to the estuarine environment as primary producers, with cer-

forming the base of the food web. However, in many aquatic environments, excessive
of phytoplankton cause eutrophication (i.e. reductions in dissolved oxygen concen-

to a point detrimental to higher aquatic organisms), create taste and odor problems in
water supplies, clog filters in water treatment plants and/or are aesthetically undesirable

However, phytoplankton problems presently appear minor and the maximum
concentration and species composition of phytoplankton has yet to be determined
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(Artl~r and Ball 1978) in the study area (Fig. 1).
The quantity of freshwater flowing through the estuary is important to phytoplankton

growth because it regulates nutrient concentration, determines riverbome sediment inflow and in-
fluences suspended-particle transport which in turn affects light-penetration (required for algal
growth), determines phytoplankton residence time, and directly regulates salinity intrusion and

Fig. 1. Sampling sites of entrapment zone study.

the location of the entrapment zone. These and other factors interact to determine the amount
and type of phytoplankton in the estuary (Arthur and Ball 1978). Ball (1977) and Ball and Arthur
(1979) have evaluated factors influencing the temporal and spatial distribution and abundance Of
phytoplankton throughout the San Francisco Bay-Delta estuary.                          ’~

Krone (1966, 1979), among others, has speculated that under projected low flow conditions
resulting from water development projects the sediment input to the estuary would be greatly
reduced, resulting in a greater photic depth in Suisun Bay. This increase in photic depth coul~
potentially increase the phytoplankton standing crop to undesirable concentrations.

In evaluating the probable effects of subsurface agricultural drain ~discharge to the estuary
Baln (1968) concluded that this discharge would about double the concentration of nitrogen~
Suisun Bay which could result in severe algal blooms accompanied by depressions in
gen as the blooms decline. As a result, methods were studied for removing nitrogen from
water (Brown 1975) and studies were conducted on the potential impact of drain water
Delta environment (USBR 1972).

In reviewing water quality data and factors controlling phytoplankton growth during
1968-74 period (Arthur 1975; Bail 1975, 1977), long-term averages of phytoplankton,
phyll, particulate organic nitrogen and particulate phosphate, turbidity, and inorganic
solids were found to be at higher concentrations in Suisun Bay than in the adjacent
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d~_stream areas. Since phytoplankton concentrations were highest in Suisun Bay, while light pen-
elation was lowest and water temperatures and nutrient concentrations were generally favorable,
some other mechanism(s) apparently was responsible for the high phytoplankton concentrations.
19~ Further evaluation of other historical water quality data and review of suspended-materials

bution studies for the area (for example, Simmons 1955; Einstein and Krone 1961; Meade
; Peterson and Charnell 1969; Conomos and Peterson 1974, 1977; Peterson et al. 1975a,b)

t~.for other estuaries (Wiley 1977) has led us (Arthur 1975; Ball 1977; Arthur and Ball 1978)onclude that suspended materials are entrapped and accumulate in the estuary at the upstream
erl~ of the fresh-water-salt-water mixing zone. We theorize that the causes of this entrapment are
fire increased flocculation, aggregation, and/or settling of suspended materials at specific conduc-

above 1 millimho/cm (0.6 % o salinity) and the effects of net two-layered estuarine circula-
flow (California DFG et al. 1975, 1976). Terms used by others to describe the area of maxi-

mum concentration of suspended materials are the "turbidity maximum," "critical zone," "nutri-
e~trap," "sediment trap" and "null zone" (Arthur and Ball, 1978). We prefer the more descrip-
t~"entrapment zone" (Arthur 1975).

i . Studies in the San Francisco Bay-Delta Estuary

As early as 1931, Grimm stated there were net upstream bottom currents in the San Francis-
co ~3ay Estuary. Since then, studies (Simmons 1955; U. S. Army Corps of Engineers 1967, 1977;

~th 1966; McCulloeh et al. 1970; Conomos 1975, 1979; Conomos et al. 1970, 1971; Conomos
Peterson 1974; Peterson et al. 1975a) have demonstrated that a net two-layered flow circula-
pattern exists throughout much of the northern reach of the Bay system. This generalized

flow is believed to be significantly modified by "trapping" and "pumping" (two forms of tidal dis-

l ion) and wind dispersion (Fischer 1976).
The location of the entrapment zone, the effects of riverflow on its location, and seasonal

changes in the abundance and composition of suspended matter in the zone have been described

~omos and Peterson 1974; Peterson et al. 1975a, b; Arthur 1975; Ball 1977; Arthur and Ball
). These and other studies produced a reasonably good understanding of how two-layered
influences sediment transport in this and other estuaries.

~,/~ In contrast, very little is known about the effects of two-layered flow on the estuarine biota.
ough no specific studies were conducted on the effects of two-layered flow on the plankton

~.~benthos in the entrapment zone, an early conclusion (Kelley 1966) was that of the environ-
~iental factors studied, chiorinity (salinity) was most responsible for species distribution of zoo-
’.l~kton and zoobenthos. Recent evaluations (Arthur 1975; Arthur and Ball 1978; Siegfried et al.
~.1~_8.; Orsi and Knutsen 1979) indicate that zooplankton entrapment occurs. Riverflow and
~ity were considered the dominant factors controlling longitudinal distribution of a number of

of fish in the estuary (Turner and Kelley 1966). Furthermore, the maximum concentration
striped bass (young-of-the-year) are known to occur within specific salinity ranges
Chadwick 1972; Stevens 1979).

phytoplankton and zooplankton maxima were observed in the entrapment zone
and Peterson 1974; Peterson et al. 1975a,b; Arthur 1975; Ball 1977; Arthur and Ball

ESTUARINE HYDRODYNAMICS AND
SUSPENDED MATERIAL TRANSPORT

study area is considered an estuary characterized by two-layered flow with appreciable
!in~kr~g during most of the year (Conomos 1979). According to Bowden (1967), estuaries
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~a~ing such flow and mixing are generally shallow. The tidal currents are of increasing amplitud~
and extend throughout the depth mixing the fresher water downwards and the more saline ware
upwards. Although vertical mixing occurs, there are still two layers of net flow separated by,
plane of no-net-motion which is generally above mid-depth (Fig. 2). The salinity continuousl.
increases from the water surface to the bottom with the maximum salt gradient occurring at th
plane of no-net-motion.

NET FLOW PATTERNS
Seaward Flowing Layer

~ Ione~ [:~--No Net~
’Motion ~ Ri r

Ocean } .,~ ~ ~ ~ .~.

Landward Flowing Layer lqu[[    Inf{ow

Mixing Zone

Fig. 2. Theoretical net flow patternsin a two-layered flow with vertical mixing estua~

A wide range in water stratification exists in this type of estuary and is dependent on
ratio of the amplitude of tidal currents to the riverflow and depth. The increase in salinity fr~
surface to bottom may vary from 1 to 10 % o (specific conductance of approximately 1.5 to
millimho-cm"1). The net seaward flow of the upper layer may be several times the river infl
(Bowden 1967).

The primary driving force causing the net upstream flow in the lower layer of water is
salt-induced density difference between the surface and bottom waters (Fig. 3). Because of
density difference, freshwater entering the estuary with a greater hydraulic head tends to flow
the denser, more saline water (Simmons 1955; Schultz and Simmons 1957; Helliwell and Bossa
1975; Krone 1972). The greater the river inflow, the greater the hydraulic head or vertical grad~
and, consequently, the greater the seaward-driving force. High river flows drive the mixing zon~
freshwater and seawater farther seaward, increase salinity stratification, and compress the mb
zone (Arthur and Ball 1978; Conomos 1979). The turbulent forces of tides and winds ten~
destroy vertical salinity stratifications (Nichols and Poor 1967; Conomos 1979).

The two-layered flow theoretically influences the maximum tidal-current velocities of
layer. Because there is a net downstream flow in the surface layer, surface velocities are gr~

LOW RIVER FLOW

Ocean

~

Mixing .~

density

.%%% qv:e.

HIGH RIVER FLOW

~ess dense brackish~.~ c
^ ~water    ~ ~
,.Jcean~Mixing Zone ~
density ~-..rnore d e n s’~e

Fig. 3. The primary driving forces controlling two-layered flow circulation in the estua~
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turing ebb tides than during flood tides, while in the lower layer, the reverse occurs. Higher veloci-
es occur during flood tides than during ebb tides and increase the net upstream transport ofma.

~terials along the bottom (Postma 1967).
~    Several factors influence the transport of suspended materials (Fig. 4). In our laboratory
Rtudies we have demonstrated that increasing the salinity of Delta water (starting at about 1.0

naillimho/cm specific conductance [0.6 % o] ) enhances flocculation of the suspended inorganic

i articles (primarily in the 2- to 10-# size range) into aggregates. These aggregates settle at rates

SEDIMENT TRANSPORT PATTERNS
~Seaward TransportI Setthng Of Materials Into Lower Layer .-e---~t .... I^*;~. I~’~-=n;.~ "~"

..--.
~. -- - ................... Disp..~ersed...... J¢ ~--~,~ ~J¢---~Ag_g~r.gregates Form

Ocean Portion "tO f Materials ~ "’---~. Riverborn
Circulate Upwards Area Of ~me~ ~ Landward Transport ~ ~ Greatest Sed HI

. . 7.
Settling And Resuspension of
Larger And Dense Materials
Wilh Net Upstream Transporl

i LY Fig. 4. Theoretical transport patterns of suspended materials in a two-layered flow with ver-mixing estuary.

~eater than the unaggregated materials and are transported downstream out of the estuary or
~tfle into the lower layer and are returned upstream where they concentrate in the entrapment

zone (Simmons 1955; Krone 1966; Meade 1972; Conomos and Peterson 1974, 1977). Larger
:.~red denser materials may settle out near slack tides and then be resuspended as tidal velocity

reases. The less dense and smallest suspended materials tend to be carried into the upper lay-
as a result of the net upward vertical flow and are transported seaward. A portion of the sus-

material is transported laterally into shallow areas and may be deposited in shoals. Some
sedimented materials may be resuspended by tidal or wind action and transported back
channel. Suspended materials in the lower layer may be transported upstream to the en-

trapment zone where the areas of maximum concentration and maximum water residence time
Theoretically the entrapment zone occurs slightly downstream of where the net vertical

velocities are thought to be the greatest. As the aggregates move into the fresher water,
disaggregation may occur. The materials that enter the upper layer are again transported
and theoretically can be recirculated numerous times. Under low riverflows, suspended
settles into the lower layer farther upstream in the estuary than during high flows. Con-

during high riverflows, a larger portion of the f’me suspended sediment is transported to

FIELD OBSERVATIONS

conducted from 1973 through 1977 (Arthur and Ball 1978) and summarized in this
designed to characterize the distribution of suspended materi~ls in the entrapment

range of river discharge in order to determine how the zone influences the water qua-
(primarily the phytoplankton).

River Discharge

outflow (river discharge past Chipps Island, site 11) was the main variable in the study.
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Daily Delta Outflow indices (DOI), calculated by the USBR and DWR, were used in this study.
The DOI consists of the Sacramento River discharged at Sacramento plus the San Joaquin River
discharge at Vernalis, less the pumped Delta export and the estimated Delta consumptive use (see
Conomos 1979, Fig. 11). The consumptive use coefficient estimate varies seasonally but is con-
stant between years. The coefficient is as high as 130 ms .s"t in midsummer. Consequently, since
crop and weather patterns change between years, under very low flows the DOI lacks precision.
This error during typical summer outflow conditions may be as great as +30 to 60 m3-s"t. Further.
more, the ¥olo Bypass (which has tidally influenced discharge that would be hard to measure) and
other peripheral streams also contribute significant discharges to the Delta outflow especially
during periods of high runoff (over 1,400 m3-s"1). Measurements of these additional stream
discharges are not included in the DOI but have been incorporated into another calculated outflow
(average monthly historical Delta outflow) which still utilizes the consumptive use estimate. The
historical Delta outflow, although only a monthly average, is the more accurate of the two for
total discharges from the Delta (Fig. 5). Since the DOI is the only daily calculation readily availa-
ble, the index is usually used when referring to Delta outflow even though it is an underestimate of
high flow.

I I I I

~oo..~, t! ¯ 3.0

�. 6o-                                      !A

oLO

o-

Fig. 5. Comparison of the Delta outflow index and the historical Delta outflow during
study period.

The Delta outflow during the 1973 through 1975 period was above normal, wNle
1976 and 1977 it was the lowest since completion of Shasta Reservoir (the main water storag~
servoir of the Central Valley Water Project).

Salinity Intrusion

The 2 rr~llimho/cm specific conductance (1 °/oo salinity) isocontour shifted nearly
over the range of DOI studied (23-1,800 ms-s"~) (Fig. 6).

In addition to the quantity of the riverflow, the pattern of flow also appears to influen~
salinity distribution. For example, although the September 1973 and August 1974 surveys
conducted at near identical Delta outflows, there was greater compression of the 2-25
ho-cm"1 (1 to 15 °/oo salinity) water mass in 1973. There had been several months oflo~
(the average DOI for July and August was 130 m3 .s"t) prior to September 1973; while
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A~st 1974 the DOI was nearly twice as large (Fig. 5).survey
! Salinity stratification increased with increasing Delta outflow. The isoconductivity contours

in March 1974 demonstrated greater vertical stratifications than during the low outflow of August
1~7 (Fig. 6), The degree of stratification apparently also influences the ~distribution patterns of
su~nded materials.
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Fig. 6. Isoconductivity (salinity) contours measured on high slack tides at various Delta out-
millimho/cm EC range has been arbitrarily shaded).

variations in tidal excursion that occur in the study area are demonstrated for the
!974 and the 23 August 1977 data (Figs. 7, 8). The 1974 data were collected on

days with DOI = 370 m3"s"~, while the 1977 data were collected on a single day
m~’s"~. The tidal excursion measured for the August 1974 run was nearly 10 km and

I on a greater flood, close to a spring tide (with relatively high tidal velocities). Conversely,
excursion for the August 1977 observations was only about 3 km. The reduced excursion
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RIO VISTA
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F~g. 7. A. IsoconducUvity (s~ty) contours me~ed on ~ee co~secu~ve days
ferent tid~ phases dung Au~st 1974. B. C~culated Golden Gate Bridge tid~ hei~t~
mum flood and ebb (F and E) velocities in knots.

resulted from the low fid~ velocities ~d ~e sH~t ~fference ~ fid~ heists occur
lesser ebb near a neap tid~ period.

S~pended Matefi~ Dis~bufions

The distribution patterns of suspended particulate matter ~d ~ssolved consfi
characterized in ~e upper estua~ at selected DOI r~g from 23 to 1,800 m~-s"~ b
tember 1973 ~d September 1977 (Ar~ur ~d B~ 1978).

Tot~ suspended sofids (TSS) correlated well wi~ turbi~ty, ~e latter of w~ch
ed more extensively. Areas of m~um turbidity at va~ous Delta outflow were typi~
where the surface water was in the 2-10 mi~o-cm
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range in both the Sacramento and San Joaquin rivers (Figs. 9 and 10). Because suspended materials
accumulated in this salinity range, the 2-10 millimho-cm"1 surface specific conductance contour
(SUR EC) was added to the illustrations as a reference.

The maximum turbidity in the entrapment zone varied from 2 to 40 times the upstream and
downstream levels and increased up to 20 times with depth. The maximum turbidity, over 800
Formazin turbidity units (FTU; USEPA 1971) was centered in Carquinez Strait during the highest
Delta outflow studied (1,800 ma-s-l). In contrast, during 1977 (one of the lowest river discharge
years on record), maximum turbidities of about 60 FTU were measured at DOI = 23 ma’s"1 and
the entrapment zone was centered about 40 km upstream of Carquinez Strait.

Volatile suspended solids (VSS) also peaked in the entrapment zone and were approximately
10-20% of the TSS.
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in knots.
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Fig. 9. Turbidity distribution relative to sanity on h~h s~ack tides at various

flows.

Differences in ~e ~ount of resuspension ~d settl~g were obse~ed between

~d lesser flood ~d ebb tides (Fig. 11). The greatestti~ hei~tresuspensi°ndifferences°fandmatefiNSm~um(betweenvel°citSl
m~um tidN velocity) was obse~ed when
~ (Fig. 7) as opposed to when they were low (Fig. 8).

The m~um concentration of particulate org~ic nitrogen ~d phosphorus ~so

occurred in ~e s~e gener~ area as the m~um turbidity.
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I Distribution of Dissolved Materials

Dissolved constituents, of course, are not subject to entrapment by two-layered flow circula-

~rOn. The concentration of nitrate+nitrite (Fig. 12), ammonia and orthophosphate generally in-
eased with water depth and peaked downstream of the entrapment zone (see also Peterson 1979;
onomos et al. 1979).

I RIO VISTA

COLLINSVILLE 16~42

Sttes

!                                  ,
I SACRAMENTO RIVER

Sur EC 12
.0

|
0

, 60 to Sur EC ¯

,,, 10r’~ July 12&13, 1977 SAN JOAQUIN RIVER
10     Sur EC    2

0

I0

0

SAN JOAQUIN RIVER

Miles    ~
~ I ~

4O 5O 6O

Kilo- ,      ~ ~ I         ~ I ’1
meters 60 70 80 90 100

RIVER DISTANCE FROM GOLDEN GATE BRIDGE

10. Turbidity distribution in the Sacramento and San Joaquin .rivers relative to salinity
slack tides during low Delta outflow in 1976 and 1977.
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¯ t~-                                                      RiO VISTA

~’ond’~ |l        . C OLUNSVILLE

o o
30-
60- r tg, 19z4 20

,~low index 13,00090- to s.r ~c - 30
io o
, 30- 10

~ 60- August 20, 1974 20
~90- turbidiW - FTU -30

o o
30-
bO- Augus~ 21,1974 20
90- - 30

B 0 ~o s=~
0

30- - lO

~ 0 0
~30- -10
~ 60- -20
~ 90- -30
~ 0 0

90- -30
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meters

RIVER DISTANCE FROM GOLDEN GATE BRIDGE

Fig. 1 I. A. Turbidity distribution ~elative to s~ni~ measured on three consecutiw d~
during different tid~ ph~es ~ Au~st 1974. B. Turbidity distribution relative to saHni~ m
sured on three consecutive tidM phases on 23 Au~st 1977.

D~bu~on of Es~e Biota

The s~e est~adne-circulation forces &at ~fluence
~d particulate nutrients ~ ~e entrapment zone ~so appear to dete~e ~e distribution
of phytopl~kton, cert~ zoopl~kton, ~d juvenile stdped bass

The c~orophy~ a concentration, over a r~ge of Delta outflows ~ig.
~ ~e entrapment zone at ~ Delta outflows studied. The pe~ concentrations ~ 1976
(the two low-flow years) were ~e lowest ever recorded. The ~stfibution of c~oro
do~t phytoplankton genera were s~ar ~rou~out ~e study area ~d pe~ed
~o-cm"x specific conduct~ce (1 to 6 % o s~ity) r~ge (Fig. 14). ~e m~um c
trafion on ~e surface gener~y occurred do~stre~ of ~e m~um concentration
bottom dung bloom periods (see ~so B~ ~d Ar~ur 1979; Conomoset ~. 1979).
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I RIO VISTA

COILINSVILLF

i Say
Sites

0 0
30- 10

I 60- March 1974 20
90- Outflow Index 64,000 ft~ (1,800 m~s)

Nitrate & Nitrite (N) mg/I "30
~ 0 I 0

I ,P 30- ~ - 10

I 60- May 30, 1974 -20
I-- 20,000 ft~ (570 m~)" 90- -30LU 10 Sur EC 2I r~ 0 0

30- - 10
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-30
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uJ August 19,1976
~ 3,600 ft~ (100 m~)
~ 0 ~p s.r EC

~. August 24, 1977
_ .1- 800 ft~ (23 m~)

I Z 0
Miles 2’0 ’ 3’0 ’ 4b ’ 5’0 ’ 6’0

¯ Kilo- a’O 4b 5’0 dometers
RIVER DISTANCE FROM GOLDEN GATE BRIDGE

Fi~. 12. Nitrate+z~t~te d~t~bution relative to se]J~Ly duz~g bi~ slack tides at va~ous
outflows.

The various factors influencing the distribution of Neomysis mercedis and other zooplank-
are discussed by Orsi and Knutsen (1979). The maximum abundance of N. mercedis and

other zooplankton occurred in the 2-10 millimho-cm"~ specific conductance (1 to 6 °/oo
range. Their distribution pattern relative to salinity (Fig. 15) was similar to that of the

constituents.
copepod distribution indicated two peaks of abundance (Fig. 16). One peak, composed

hirundoides, was centered in the approximate location of maximum suspended
n. The other peak, dominated by Acartia clausi, was farther downstream.

distribution of 50-ram juvenile striped bass (young-of-the-year collected in ~uly, 1973,
L976, and 1977; Fig. 17) also appears to be related to the distribution of other suspended

The peak concentrations are also related to the surface 2-10 specific conductance
% o salirLity) range. Similar distribution patterns were noted for other study periods.
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DISCUSSION ’

Entrapment of suspended materials and certain estuarine biota were evident at the entire
range of outflows studied in both the Sacramento and San Joaquin rivers. Since the peak concen-
trations of constituents typically occurred where the surface specific conductivity was approxi-
mately in the 2-10 millimho-cm"1 (1-6 °/oo salinity) range, this salinity range was selected to
estimate the location of the entrapment zone.

RIO VISTA

.~__...CO tUNSVItLE

0

~y Outflow index 64,000 ft~/s (I,800 m~)
lOSurEC2      Chlorophyll a ug/I        -30

0
10
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ZO Sur EC 2 - 30

10

~ 60- September 26, 1973 20
u. 90- 13,000 fta/s (370 m~s)

, SurEc 2 -30

,,, -10
t-~

August 19, 1974 -20

90- -30
0

30- 10
60- July 8, 1976 20

-30

20
90- -30

Miles 20     3b     4b 1o    . ~’o
K,omo,ors ~0 40 ~0 ~;b �o sb 9b ;oo

~lw~ D;S~ANC~ ~OM ~OW~N ~AT~
Fig. 13. Chlorophyll a distribution relative to salinity during high slack tides at

Delta outflows.

156

C--050062
C-050062



ARTHUR AND BALL: ENTRAPMENT OF SUSPENDED MATERIAL

RIO VESTA

COLLINSVILLE
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"~ 6C)- Co$cinodiscus 20
’ 90-
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~- 0"-3o-
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0 .......... ~’2" ~ ¯                   :..      ¯ .~::. ¯ :::..~ ~.% .:::::::::::,.~,,
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Fig. 14. Distribution of chlorophylla and dominant phytoplankton genera relative to sali-

I � during high slack tides on 26 September 1973.

Factors Influencing Suspended Materials Entrapment

fldFactors influence the of materials in the zone in-thoughtto quantity suspended entrapment
e the riverborne suspended sediment load; flocculation, aggregation, and settling rates of par-

tidal- and wind-induced resuspension; bathymetry; dredging activities, and seasonal growth

High suspended.sediment concentrations and loads to the estuary typically occur with win-
floods and to a lesser extent in the late fall and early spring and increase the concentration of

materials observed in the entrapment zone.
In recent years, reservoir regulation of riverflows has reduced winter and spring riverflows

riverflows throughout the summer and early fall. Releases and drainage return flows
suspended sediment loads during the summer.. However, flow regulation has re-

in an overall reduction of the total suspended sediment load as a result of settling that
i in the reservoirs and sediments lost to export.

Sacramento and San Joaquin rivers are the two main systems discharging suspended
to the Delta (Fig. 18). The Sacramento River (including the Yolo Bypass) contributes

of the total. The combined discharge is an estimate of the total suspended sediment
during the flooding and very high outflows, suspended sediment discharge to the

the Yolo Bypass may be equal to or even greater than that from the Sacramento River.
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Fig. 15. Neomysis mercedis distribution relative to salirtiW on high slack tides at vari,
Delta outflows (data collected by DFG).

Since the discharge from the Yolo Bypass is not measured, the total discharge to the Delta is
grossly underestimated~

The entrapment zone was located further seaward and with higher suspended-so
concentrations during periods of high suspended sediment discharge as compared to period’
low suspended sediment discharge (Fig. 9). These data support Postma’s (1967) belief that
magnitude of the turbidity maximum (entrapment zone) is a direct function of the amou~
suspended matter in the river or sea and the strength of the estuarine current.

The maximum suspended solids occurred in higher salinity water during high outflows a~
pared to low outflows (Fig. 9). This variation may have resulted from seasonal differences in
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RIO VISTA ~

~, COLUNSVILLE ~~.~.

100 IOSURF EC~ March 18, 1974

10 I ~ iOutfl°w Index 64,000 ft~ (1800

!
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~Acarti= ¢lousl ~ Eurytemoro hirundoldes X- Limit of sompling

Fig. 16. Distribution of two dominant copepods (Acartia clausi and Eurytemora hirundoi-
salinity on high slack tides at various Delta outflows (data collected by DFG).

~eratures. The greater net downstream velocity.in the upper layer during high
t materials further downstream and into more saline water before floc-

aggregation, and settling of particles occurs. Alternatively, the settling velocity of particles
be decreased during winter by the colder water temperatures increasing the water viscosity.

are different opinions as to what will happen to the water transparency in Suisun Bay
of fiverborne sediment are decreased by future fiver diversions. One opinion is the

is inversely correlated to the sediment load entering the estuary during any
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Fig. t 7. Distribution of juven~e striped bass (young-of-the-year) relative to sa~nity on
slack tides during July 1973, 1974, 1976, and 1977 (data collected by DFG).

~ven ye~, ~d therefore, tr~sp~encies would incre~e ~ decreas~g sed~ent loads. A seco~
opiNon is ~at winds ~d tidN currents Nong with tidN dispersion w~ resuspend large qu~
of estua~e sed~ent and ~ m~t~n f~rly constant transparency for many years of low
inflow.

Summer SeccN-~sc measurements (made money during N~-slack-tide from 1968-71
twice money from 1972-77 by ~e DFG), as we~ as our turbi~ty me~urements, have demo
trated a pronounced Mcrease ~ water tr~sparencies in Suisun Bay during 1976 ~d 1977,:~

two lowest outflow years. ~ inverse relationsNp between Suisun Bay water tr~sparency
summer Delta outflow (Fig. 19) suggests ~at ~e su~er water transparency in Suisun
strongly influenced by ~e Delta outflow. This outflow Nso regulates the entrapment zone!�
tion, wi~ ~e zone toeing upstre~ with the sN~ty intrusion ~d ~e waters of Suisu~l
becoming more tr~sparent. Even thou~ su~er wind ~d tidM resuspension forces~
considered to be about equM each su~er, considerable transparency variation each year
between 1968 and 1977.
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MEAN MONTHLY SEDIMEHT DIS’CHARGE MEAH MONTHLY SEDIMENT DISCHARGE
SACTO RIUER AT SACRAMENTO SAN JOAGUIH RIUER AT UERHALIS

3eeee 4eoo

a~eee

1000

5000

YERR YEaR

Fig. 18. Suspended sediment loads to the Delta. A. Sacramento River at Sacramento. B.~Joaqu~ ~ver at Vern~s. Tons’day"~ scale differs for the two Nvers.

N addition to outflow, both w~ter ~d su~er sed~ent loads, ~e su~er inflow sedi-

~ concentrafion ~d the location of ~e entrapment zone relative to sh~ow bays have been
t to ~fluence ~e su~er vafla~on in tr~sparency b~tween 1968 ~d 1977.

To evNuate the first ~ree factors, ~e rout~e SeccN-d~se measurements at 14 ch~nel sites

~een ~o Vista ~d Nar~ez (when oceurflng ~ water of 2-10 m~o’cm"~) were averaged

Summer (June-September)
Delta Outflow vs Summer Suisun Bay

~70
~ 73 ¯ 72

$68            $76

$77
I I        I        { !

O I0 20 30 40 50 60 70 80
MEAN SECCHI DISC DEPTH cm (DFG data)

19. Summer Suisun Bay water transparency versus summer historical Delta outflow.
outflow value was calculated as the Delta outflow index.
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f~-each summer (June-September) and compared with the winter suspended sediment load (Fig.
20), summer suspended sediment load (Fig. 21), and summer suspended sediment concentration
(Fig. 22). Although there appears to be a slight inverse relationship between the summer water
transparency in the entrapment zone and the above factors, the relationships are not conclusive.
Furthermore, the summer suspended sediment load as well as concentration were related to thc
winter load, as summer outflows that followed high outflow winters were usually also high. Sincc
there is also so much variation in water transparency due to wind and tides one must use thosc

evaluations with caution.

¯74

~ e69
a 15

"~. 070

~o 75¯ ¯ 73

<

e68

o Winter (November-April1
,,z, Suspended Sediment Discharge in the
,~, Sacramento River at Sacramento vs ¯ 72
~ Summer (June-Septembefl 076
z Water Transparency in the Entrapment Zone
:~ (2.10 millimho/cm EC wated

0 10 20 30 40

MEAN SECCHI DISC DEPTH cm (DFO datal

Fig. 20. Summer water transparency in the entrapment zone (2-10 millimho/cm E¢
versus winter suspended sediment load at Sacramento.

Arthur (1975), using Sacramento River water in which the salinity was adjusted with
centrated seawater brine from San Francisco Bay, demonstrated that flocculation, aggregati~

and/or settling rates of suspended material increased as the specific conductance of the
samples was increased above 1 millimtlo"cm-1 (0.6 °/oo salinity) (Fig. 23).

We initiated field measurements in 1975 to obtain particle settling-rate data for

of a suspended-solids model (O’Connor and Lung 1977) used by our study program
Ball 1978). Particle settling rates were compared using two sampling methods. Samples
entrapment zone were pumped into the first set of settling chambers, while the second set
sampling-settling chambers designed by R. Krone, Univ. Calif. Davis) was lowered to the
sampling, the ends closed, and the settling chamber returned to the surface. Settling
sets were determined by changes in turbidity at various heights in the chambers. The
of particles collected by the submersible pump were several times less than those
settling chambers. These data suggest that the high turbulence caused by pumping
particles and imply that the particles were flocculated and/or aggregated before collection t
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!
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Fig. 21. Summer water transparency in the entrapment zone (2-10 millimho/cm EC range)

q
rsus summer suspended sediment load at Sacramento.

published data).

In
The increased surface-water transparencies with distance downstream of the entrapment

e may be caused by the removal of suspended material with settling velocities greater than the
ward vertical water velocity and by increasing dilution with low-turbidity ocean water. These

combined effects have not been quantified.
We do not know the extent to which flocculation increases the settling rates of suspended

and the quantity of suspended materials in the entrapment zone. Our limited data agree
(1967) who suggested that flocculation is an important factor influehcing the spatial

and entrapment of suspended materials.
Resuspension induced by wind, tide, and dredging activities results in the continual re-

of a portion of the deposited sediments. The TSS concentrations and turbidity in the
areas of Suisun and San Pablo bays more than double following periods of high wind

et al. 1976). Increasing tidal current velocities also increase the rate of sediment
with differences in the amount of resuspension and settling observed between

and lesser flood or ebb tides. The greatest resuspension was observed when tidal height
and maximum velocities were highest. During calm days we have often observed

turbid water masses a few meters in diameter to come billowing to the surface with in-
relocities.

also tends to relocate as well as resuspend sediments. The most intense dredging
near Mare Island adjacent to Carquinez Strait, and when the spoils are deposited in San

increase water turbidity.
effect of estuarine circulation on suspended sediment distribution in the study area is

(influenced by bathymetry.
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Fig. 22. Summer water transparency in the entrapment zone (2-10 millimho/cm EC rang
versus summer suspended sediment concentration at Sacramento.

Distribution of Dissolved Constituents

Dissolved constituents are not directly affected by the entrapment zone. The general i
crease in nitrate+nitrite (Fig. 12), ammonia, and orthophosphate with depth and distance do~
stream of the entrapment zone was apparently caused by numerous municipal and industrial wa,’
discharges. Depressions in inorganic nitrogen and dissolved silica concentrations were observ
when high phytoplankton standing crops accumulated in the entrapment zone (Arthur and 13
1978; Peterson et al. 1975b; Peterson 1979).

Dissolved oxygen concentrations (at 1-m depth) in the western Delta-Suisun Bay area w,
always near saturation values (USBR 1972; Macy 1976) even when chlorophyll a concentrati~
were relatively high (50-100/2g’liter-1 .) Oxygen concentrations one meter from the bottom w
generally a few tenths of a mg.liter4 lower than near the surface (these near-bottom oxygen m
surements, although made during 1976-77, do not cover periods when high phytoplankton sta
ing crops were present). Presumably, mixing by tidal currents and wind are adequate to main~
near-saturation levels at the present level of eutrophication (Arthur and Ball 1978).

Effeets of Entrapment on the Phytoplankton Standing Crop

The location of the entrapment zone adjacent to the Honker Bay area is one of several
tors which appears to greatly stimulate phytoplankton growth in the western Delta-Suisun
area (Arthur and Ball 1978). In the initial years of our studies (1968-75) when "typical" D
outflows were present, the standing crop of phytoplankton tended to be highest in the years x
the greatest water transparency (Ball 1977; Ball and Arthur 1979).

The unusually low phytoplankton standing crop in Suisun Bay during the recent drox
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I
I
I
i
!
I
I
I

Fig. 23. Photomicrographs illustrating laboratory-induced flocculation of suspended se-
collected frolla the Sacramento River during flooding conditions on 25 March 1975.

(0.116 millimho/cm EC). B. Control (0.116 millimho/cm EC) (enlarged). C. After
of concentrated sea brine (2,500 micromhos/cm EC in beaker) and 8 hr of stirring at

of 1976 and throughout 1977) was contrary to predictions based on the 1968-75 data
We conducted a number of field and laboratoly studies during 1977 to study the low phy-

standing crop associated with low outflow conditions. We evaluated water transpa-
temperature, solar radiation, salinity, nutrient limitation, toxicity, parasitism, zoo-

grazing, f’flter feeding of benthic organisms, and the location of the entrapment zone and
to our previous (1968-75) observations.
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The 1976-1977 data indicated that water transparencies in Suisun Bay were approximatel
double (Fig. 19) that of the previous years of high standing crop while solar radiation (insolation)
water temperatures, and algal macro nutrients were within the normal range. Furthermore, th~
phytoplankton standing crop in the northern and southern Delta during 1976 and 1977 were th~
highest recorded although climatical conditions in these areas were similar to Suisun Bay.

A number of algal growth potential (AGP) and phytoplankton productivity studies wer,
conducted during 1977 to determine if nutrient depletion, increased salinity, or toxicity migh
have been responsible for the low phytoplankton standing crop.

The AGP-test results demonstrated that the growth rates of the endemic phytoplankton ten
to increase with increasing salinity and suggested that salinity intrusion into Suisun Bay during
low flow years did not directly inhibit the algal growth rates. Furthermore, because the concentr
tion of phytoplankton in the unaltered water of the AGP tests peaked several times higher than
the field, it appeared that neither toxicity nor low concentrations of macro or micro nutrien
were limiting algal growth. The primary productivity test results (DO method) in 1977 also su
ported this contention as the dissolved oxygen production per unit chlorophyll was equal to
higher than that of previous years.

Zooplankton concentrations were lower than normal in 1977, suggesting that grazing
on phytoplankton should also have been lower than normal.

Although there may have been some movement of marine benthic organisms into Suisun
during 1976-77, it was impossible to draw any definite conclusions because there is little previ~
benthic data with which to compare. Comparison of 1976-77 data with future years of high phy
plankton standing crops may provide further insight into the possible significance of filter feed
of benthic organisms.

Comparison of chlorophyll a data in Suisun Bay with Delta outflows (Fig. 24a, b) shows t
moderate to high chlorophyll a concentrations (above 20/~g-liter"1) were present when Delta
flows ranged from 110 to 700 ma-s"1. When the outflows were below 110 m3 .s"1, the standing p
toplankton crop either declined or remained low. This outflow range places the tidally avera
location of the entrapment zone at various positions adjacent to the Suisun-Honker Bay area."
highest chlorophyll concentrations were measured when the outflow varied from 140 to
ma-s"~ in August 1970, 1972, and 1973, and September 1968 when the averaged tidal locatio
the entrapment zone (based on the 1-6 °/oo salinity range) was adjacent to the Suisun-Honker
area. In February 1976, a substantial algal bloom developed as the entrapment zone moved upst~
into the Suisun-Honker Bay area earlier than normal as a result of low river flow. This bloor.
curred earliest of any year. Significantly, during the bloom water temperatures were only a
12°C and the photopefiod was short (although water transparencies were high). This bloor
dined in March as the water transparency decreased. A second bIoom developed in April 197~
declined as the entrapment zone moved further upstream in June 1976 with decreasing dyer

When the entrapment zone was upstream of Honker Bay under low (30 to 110 m~-s"1)
outflows (such as occurred in July and August 1966, July 1970, and June-December 1
chlorophyll concentrations either remained low or were declining. As the 1976 drought cont
into 1977 and Delta outflows remained low, the entrapment zone remained ’several kilor
upstream of Honker Bay for the entire year. Significantly, 1977 was the first year on record
a phytoplankton bloom did not develop in Suisun Bay. The chlorbphyll a concentration in t
Bay was generally less than 5/.tg-liter"~ with an occasional value of about 10/~g-liter"~ (see B~
Arthur 1979).

The highest chlorophyll a concentrations (nearly 20 pg-liter"~) measured west of A
during 1977 were in the entrapment zone (at 1 to 6 °/oo salinity) at locations above Colt"
on the Sacramento River and near Antioch on the San Joaquin River. Summer chlorol
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Fig. 24A and B. Chiorophyll a distribution on high slack tides from 1968-1977, between Jersey Point and Martinez, as related to
salinity ~trusion and Delta outflow (from Ball and Arthur 1979). (The 3 milliml~o]cm EC contour represents the upstream location
of the entrapment zone on high slack tides.)
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concentrations at the sites where the entrapment zone occurred in 1977, were in the same range as
for previous years (1969-75) when the entrapment zone was farther downstream of these sites.
Water transparencies at these sites in 1977 were lower than normal, suggesting that the highel
phytoplankton standing crop was maintained by entrapment.

An important factor in evaluating algal growth is the residence time of algae in any given
cation. Whereas the residence time in any stretch of a river can be estimated by knowing the vol
ume of water and the rate of flow, in an estuary where two-layered flow and tidal exchange occur
the residence time of algae (and other suspended materials) can either be greatly increased or re
duced over that of the net downstream flow of water. The residence time of phytoplankton il
two-layered flow circulation has not been directly measured. In theory, phytoplankton tend to b~
carried seaward if their settling velocity is less than the net x~ertical velocity, tend to be reeirculate,
to and about the entrapment zone if their settling velocity is nearly equal to the net vertical velc
city, or become entrapped and remain near the bottom if their settling velocity is much greate
than the net vertical (upward) water velocity.

Certain algal species of the genus Coscinodiscus are consistently associated with the entrar
ment zone (Arthur and Ball 1978). ’These organisms have since been identified as belonging to th
species Coscinodiscus decipiens which is synonymous with Thalossiosira excentricus. The org:
nisms have thick cell w .a~l. s, generally have inorganic particles attached to their exterior, and hay
been seen to settle rapidly in counting chambers. Their settling velocity relative to the net vertic:
water velocity presently being studied may provide these organisms with an ecological advanta~
which allows accumulation in the entrapment zone. In contrast, certain species of the gent
Chaetoceros have cells much smaller in size which settle very slowly, have high growth rates, and ~
times become very dominant in the AGP test. Chaetoceros probably do not become dominant ~
the entrapment zone because their settling rates are so low; however, they often are the dominaJ
form downstream of the entrapment zone. In addition to entrapment, the most important aspe,
of algal residence time .related to the algal standing crop is the percent of time algal cells reside :
the photic zone.

A substantial phytoplankton bloom (chlorophyl! a >700 pg-liter"1 at water surface) occm
ed in the summer of 1977 in the McAvoy marina (south side of Honker Bay) which consist~
almost entirely of Exuviella, a motile dinoflagellate. The intensity of the bloom gave the wate~
reddish.brown cast. This organism was also observed at very low concentrations in Suisun B:
during 1977. Apparently, such areas, although physically connected to the main channel, ~
isolated from the effects of wind, tidal current mixing and river flushing. The most logical explar
tion seems to be that the residence time of the algae is longer in these isolated areas than in t
main channel and their mobility can maintain them near the water surface.

We do not know exactly how reduced Delta outflow and the location of the entrapm~
zone influence the phytoplankton standing crop in the Suisun Bay area. We offer, however, sere
hypotheses which when considered either singularly or in some combination may explain how ~
upstream mov.ement of the zone could have caused a reduction in the Suisun Bay phytoplankl
standing crop during the drought of summer 1976 and throughout 1977 (Arthur and Ball 197

1. Decreased phytoplankton residence time in the Suisun Bay area when the entrapment’i
located upstream. The residence time of suspended materials in rivers increases as river fl
decreases. The record high phytoplankton crop in 1976 and 1977 in the northern and s0~
em Delta (upstream of the study area) may be attributed to the increase in phytoplanktoff?r
dence time resulting from lower river flows (.Ball and Arthur 1979). However, in the fresh/s
water mixing zone the water flow and mixing processes are much more complex. The
residence time in the entrapment zone, relative to the immediate upstream and downstrearr
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tnaYbe a major factor regulating the phytoplankton standingWe postulate that when thecrop.
trapment zone moved upstream in 1976 and 1977, the residence time influencing the phyto-

plankton standing crop in Suisun Bay (both the shoals and the channel) decreased and resulted in

~the low phytoplankton standing crop in that area.
2. Upstream movement of the area of maximum f!occulation-aggregation-settling. Suspend-

ed materials are in relatively low concentrations in San Francisco Bay and in the ocean. When

~;elta outflow were low during 1976 and 1977, the percent of ocean water nearly doubled in
isun Bay over that of more typical years (1969-75). Furthermore; chlorophyll a levels during
77 in Suisun Bay were similar to those observed in Central San Pablo Bay during the higher flow

years.
We are uncertain why phytoplankton standing observed in the field were low in highcrops

lalinity water (over 25 millirnho/cm EC water) yet growth rates were highest at similar salinities in
our field and laboratory growth rate tests. Perhaps the phytoplankton standing crop is characteris-

~e.Cally low in high salinity water in the field because increased flocculation, aggregation, and/or
ttling of suspended particles occurs in the area downstream of the entrapment zone (the area

where the net upward vertical water velocities are assumed to decrease). Phytoplankton may be

t
ffected by the increased particle settling and thus are unable to maintain themselves in the photic
ne downstream of the entrapment zone. Consequently, as the entrapment zone moved upstream
roughout 1976-77, greater settling rates may have occurred in Suisun Bay.

3. Decreased phytoplankton residence time in the photic zone. Phytoplankton are concen-

t ared where the entrapment zone is located, with their growth rate directly proportional to
e length of time they spend in the photic zone. When the entrapment zone is adjacent to the

shallow bays, the average water depth present at the zone is much less than when the zone is

~oCated a dozen kilometers upstream in the more conf’med channels (assuming tidal exchange of
e phytoplankton between the channel and the adjacent shallow bays). When the entrapment
ne was located upstream in 1977, the contained phytoplankton spent less average time in the

photic zone as compared to a downstream location. This hypothesis assumes complete vertical
~nixing of the water column.
!l 4. Increased vertical mixing with reduced salinity stratification. During the low Delta out-

~ows of 1977 the salinity stratification was less and the vertical mixing of the water column
apparently greater than during moderate to high summer outflows. The greater salinity strati-

during the higher summer outflows could maintain the algae nearer the water surface and
the photic zone to a greater extent than during low outflows. Consequently, during low out-

the reduced water stratification results in increased mixing which lowers the growth rate and
crop of phytoplankton.

5. Intrusion of marine benthic filter feeders. We are uncertain whether the upstream move-
of marine f’flter-feeding benthic organisms influenced the phytoplankton crop in 1976

1977.

We offer the following hypotheses that may account for the lower suspended materials con-
observed in the entrapment zone during periods of low flow (as compared to high

but do not know if or how these hypotheses may explain the low phytoplankton stand-
~in Suisun Bay during 1976-77.

1. Reduction of two-layered flow circulation. The intensity of two-layered flow circulation
decrease as riverflow to the estuary decreases. This reduced circulation could increase

time of suspended materials in the entrapment zone while simultaneously reducing
of suspended materials circulated through the zone. The interactions of these factors
, however.
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2. Reduced aggregation and settling. High concentrations of.river-borne suspended materials
increase the chances of particle aggregation in the estuary which in turn increases the settling rates
of the suspended materials (R. Krone, pets. comm.). This factor may increase the quantity-of
material entrapped. Conversely, the quantity of suspended material entrapped decreases as the
suspended-particle concentration decreases. The suspended-particle concentration entering the
estuary usually varies directly with riverflow.

Factors Influencing Entrapment
of Zooplankton and Striped Bass

The results of this and other studies suggest that the maximum abundance ofNeomysis mer-
cedis (Fig. 15) and certain copepods (Fig. 16) relative to salinity is primarily influenced by the in-
teraction of two-layered flow circulation on their instinctive vertical swimming behavior. Cronin
and Mansueti (1971), Heubach (1969), and Siegfried et al. (1978) state that certain species of zoo.
plankton migrate upward during the night and downward during the day. In a two-layered flow
estuary this movement translates into downstream transport at night and upstream transport dur-
ing the day, resulting in a roughly circular motion that retains the species near its optimal salinity
range. High tidal-current velocities also result in their upstream movement (Heubach 1969; and
Siegfried et al. 1978).

The different distribution patterns of Eurytemora hirundoides and Acartia clausi (Fig. 16)
are attributed to differences in the optimal salinity range for these genera (Kelley 1966). Th~
mechanism responsible could be differences in vertical swimming behavior between the tw(
species.

We partially attributed the deerease in the total zooplankton standing crop during 1976 ant
1977 to the fact that the center of the populations shifted upstream with movement of the entrap
ment zone into an area occupied by a smaller surface area and volume of water (Arthur and Ba~
1978). The DFG has suggested that Neomysis and certain other zooplankton concentrations ar
directly related to the concentration of phytoplankton in the entrapment zone (see also Orsi an
Knutson 1979). It is interesting to note that Neomysis (Fig. 15) and zooplankton (Fig. 16) coJ
centrations were relatively high in March of 1974-prior to the development of a phytoplanktc
bloom. Unfortunately, routine sampling did not extend downstream of Martinez to charactefi:
the distribution of both zooplankton and phytoplankton during Mgher Delta outflows.

- The relatively high concentrations of juvenile striped bass (young-of-the-year) present in t
entrapment zone may be caused by (1) the bass tending to swim to where the food supply pea;
or (2) the juvenile bass are concentrated by two-layered flow circulation in the essentially pl~
ton stage in their early life cycles. The latter explanation seems more reasonable. Cronin ~
Mansueti (1971) have found that the larval forms of many Atlantic Coast fish species that spa
both in freshwater and at the entrance to estuaries are carried to the plankton-rich low salir
area (entrapment zone) where zooplankton are abundant. Stevens (1979) further discusses
factors influencing the striped bass population.

Predicting the Entrapment Zone Location

Evaluation of salinity and suspended materials data over the past 10 years indicates that
location of the entrapment zone can be predicted from salinity gradients and occurs in the
stream portion of the mixing zone where the surface specific conductance is approximately fi
2-10 millimho/cm (1 to 6 °/oo salinity) range. A plot of geographic location of this salinity 2
versus the DOI (at high slack tide) could be used to estimate the location of the entrapment
at future outflows within the outflow range presented (Fig. 25). Although the overall relatio
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lotweenthe location the entrapment zone and the DOI is good, it is precise at low out-of less
ws. This may be due to the lack of precision in calculating the DOI at low outflows, and that

the location of the zone is also dependent upon both the history (variation and magnitude) of

l e previous outflow and on changes in tidal elevation.

Environmental Significance

meThe most significant environmental aspect of the entrapment zone, other than influencing
location of maximum shoaling (sediment deposition), may be that the quantity of phytoplank-

ton and certain other estuarine biota are enhanced when the zone is located in upper Suisun Bay.
jhe lowest levels of phytoplankton and certain zooplankton recorded in the Suisun Bay area oc-
Curred du~_ng 1976 and 1977 when the Delta outflow was low and the entrapment zone was locat-
ed several kilometers upstream of Honker Bay. However, we do not yet know the significance of a

i ng-term low Delta outflow on total estuarine productivity.
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SOURCES AND SINKS OF BIOLOGICALLY REACTIVE
OXYGEN, CARBON, NITROGEN, AND SILICA

IN NORTHERN SAN FRANCISCO BAY

DAVID H. PETERSON
U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

The distributions of biologically reactive dissolved oxygen, carbon, nitrogen,
and silicon ~(OCNSi) in the main channels of northern San Francisco Bay appear
to be related to winter and summer variations in the dynamics of the estuary. At
moderate or higher (>500 m3"s"1) river flow, OCSi distributions in the estuary
frequently are nearly conservative. Thus, during high river discharge periods, the
relative effects of additional estuarine sources and sinks (waste inputs, phyto-
plankton production and remineralization, or atmospheric- and benthic-exchange
processes) appear to be minimal. At such river flows replacement time for

i estuarine water is on the order of weeks, whereas the OCNSi replacement
(turnover) times due to additional sources and sinks are longer. The turnover
time of NH3-N, however, is shorter. The river and ocean are probably not major
sources of NH~ to the estuary.

Marked departures from near-conservative OCNSi distributions occur during
low river flow (<200 m~-s"t ) when the magnitudes of the local sources and sinks
may exceed river and ocean inputs. As an overview, however, several processes
seem to control these distributions at comparable rates and no one factor domi-
nates: dissolved oxygen is typically 5 to 10% below saturation concentrations;
dissolved carbon dioxide is 150-200% "above saturation concentrations and in
approximate balance with oxygen consumption; phytoplankton production
keeps pace with waste inputs of nitrogen; and dissolved silica is maintained
above concentrations that would be limiting for phytoplankton growth.

t!~ Knowledge of estuarine hydrodynamics and of the appropriate sources and sinks is needed
predict rnicronutrient and dissolved-gas distributions in an estuary. This chapter presents a series
inferences about the processes which control oxygen, carbon, nitrogen, and silica (OCNSi),

based on their observed distributions. These elements were studied because an understanding of
their behavior is basic to our knowledge of natural water chemistry in an estuary. The discussion is

to the northern part of the San Francisco Bay estuary between the Golden Gate and Rio
herein termed North Bay (Fig. 1). The southern reach (South Bay), from the Golden Gate to

Jose, has only a small freshwater inflow and is not discussed here (see Conomos 1979; Cono-
1979).

Under certain assumptions and with appropriate rate measurements we can estimate sources
of these elements throughout North Bay. To some extent the magnitudes and positions

sources and sinks are, of course, always shifting and changing. Thus, to put the sources
into perspective and to illustrate how they might interrelate with one another, a simple

of North Bay is used. The model, which has fixed dimensions and receives sea-
varying runoff and insolation, is used for discussion purposes with the understanding it can

budgets.
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DUMBARTON                        ~t ~

SAN aOS~

Fig. 1. San Francisco Bay ~d en~ons. The study area, North Bay, is between the Golden
Gate, the entrance to the ocean, and ~o V~ta. All field data presented herein were co~ected at
~dicated main~hannel stations.

PREVIOUS WORK

Most of ~e ~terest ~ processes contro~g water ch~mist~ in ~o Bay concoms und~r-
stand~g the effects of ~creas~g mu~cipM ~d agHculturM waste loads coupled wi~ a decreas~g
freshwater inflow. These problems, related to urb~ation, seem to haw been largely i~ored
~e first su~eys of the ~ssolved oxygen ~ ~e seaw~d re~e of ~e Bay (M~er et M. 1928’
was not until ~e early 1960’s ~at suc~ stu~es were extended from river to oce~ ~¢Carty
1962; Storrs et ~. 1963, 1964). Subsequent studies treated near-surface oxygen ~st~butions ~
~d McCarty 1965) md pxocesses contro~ng oxygen ~ ~e I~dward estu~y ~d lower river.
ley 1967; C~fomia Departments of Water Resources ~d Fish ~d G~e 1972). ~e
of dissolved CO~ ~ the Bay has o~y recently been investigated (Spiker ~d Schemel 1979).

During sp~g ~d summer, 1964, ~e abundance ~d distribution of Mo~
phosphorus in Noah Bay ~cated li~t as ~e p~e factor limiting phytopl~kton
(B~n ~d McCarW 1965). It appeared, however, ~at ~organic nitrogen may be depleted
grow~-rate l~fing concentrations in the f~. As ~ extension of ~ese resdts ~e potenti~
pact of massive nitrogen ~puts from agficultur~ waste was ~sessed by Brown (1975).
~e si~ific~ee of nitrogen to phytopl~on production is not f~y understood, it
more ~mportant ~ phosphorus M sett~g an upper l~it on phytopl~kton biomass.
s~ica is ~fferent because its p~cipM source is naturM runoff ~d its seasonM patterns are
to fiver supply and to phytopl~kton remov~ ~eterson et ~. 1975). Mthou~ a u~titative
~esis of OCNSi ~st~buOons has not been attempted for ~e entire Bay system,
these constituents have been s~ulated with a numericM model of phytopl~kton
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I landward portion of the estuary and in the lower river (DiToro et 1977). From this work ital.
i~pparent that phytoplankton plays a major role in determining water chemistry.

i REVIEW OF WINTER AND SUMMER FEATURES

The data base is from our near-monthly surveys of hydrographic properties (Smith et al.
~1179) at 20 stations spaced nearly equally between Rio Vista and Golden Gate (Fig. !). Sampling
~li analytical procedures for micro nutrients and dissolved gases have been described elsewhere
0~terson et al. 1975; Peterson et al. unpublished). Analytical methods are summarized in Table 1
of this chapter. The methodology for and typical observations of particulate nitrogen and dis-

l ed organic nitrogen are given in Peterson et al. (unpublished) and of particulate carbon in
er and Schemel (1979).

Distributions of biologically reactive substances are determined by circulation patterns and

~s of both the water and biochemical constituents. Sacramento-San Joaquin river (Delta) inflow
lies more than 90% of the freshwater to the estuary. It averages 600 ms-s"t but ranges from
0 m3-s-1 in winter to less than 200 m3"s"1 in summer. River inflow is the prime seasonal regu-

l(lator of water residence time in the northern part of the estuary (Conomos 1979).Strong winds in the Bay can move water at speeds exceeding other nontidal components
0 cm’s"1, of. Hansen 1967, Elliot 1.976 and Weisberg 1976); such effects, however, have not

yet been studied quantitatively for this estuary (Conomos 1979). Mean monthly wind speeds range

I onally between 2 m.s"~ in December and 6 m-s"1 in June, and generally persist in a landward
ction opposing the natural nontidal surface flow (Conomos 1979). Wind stress on water is also

important for increasing gas-exchange rates between atmosphere and water, for resuspending

i tem material (which decreases light), and, perhaps, for increasing mixing rates between shoal
channel waters.

The salt field is a driving component of gravitational circulation in the estuary and influences
the solubility of dissolved 02 and CO2. Sea salt may penetrate to Rio Vista (Fig. !) in summer,

li ling on the river inflow (Conomos 1979, Fig. 18). Surface-to-bottom differences, about 3 % o,
fy a partially to well-mixed estuary, except during winter floods. A salt-driven estuarine circu-

lation pattern has been identified for the main channels, but seasonal and spatial details of this

l
ulation are unknown.

Phytoplankton abundance is correlated with variations in water circulation in a general way
pt during extended periods of extremely low river inflow. Phytoplankton biomass, estimated

,~th fluorometric chlorophyll-a observations, decreases in winter (Fig. 2) and increases in summer,I ti.cularly in the landward portions of the estuary (Fig. 3). These observations are plotted against
¯ ~ty, rather than against location, to minimize variability due to tides (10 to 15 km-cycle). A1-

short-term events such as spring tides, wind storms, and cloudy days may alter the OCNSi
data suggest that effects of common short-term (tidal and diurnal) events do not

ffects.
Mean-montlfly sunlight ranges from 37 Einsteins.m’2"d"~ (about 200 langleys’d"1) in De-

to 110 in June (Conomos et al. 1979, Fig. 3). Light-saturation levels (10 to 30 Ein-
, Peterson et al. unpublished) probably continue year-round at the water surface

some local interruptions caused by dense fog. Photic depth, which ranges from about 6 m
ocean to 0.5 m inland, is determined by the concentrations of suspended particles. The

concentrations average about 10 rag-liter"~ near the ocean to 50 mg-liter"~ inland in
5 rag.liter-~ near the ocean, and about 100 mg-liter"1 inland in summer (Conomos and

. Conomos et al. 1979).
relative importance of conservative and nonconservative processes can be inferred from
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~- TABLE 1. ANALYTICAL METHODS

Property Method Principal Analysts

S (% o), T(°C) Salinity-temperature meter L.E. Schemel and
(Schemel and Dedini 1979). L.A. Dedini

02 (~g-atoms’liter"1 ) Modified Winkler titration A. Hutchinson and
(Carpenter 1965 a, b); for R.E. Smith
calculation of % saturation
see Weiss (1970).

CO2 (btg-atoms’liter"1) Calculated from equations of L.E. Schemel and
Smith and Broenkow (1978) L.A. Dedini
using electrometfic observations
of pH (Schemel and Dedini 1979):
and alkalinity (Strickland and Par-
sons 1968); also, see Spiker and
Schemel (1979) for comparison
of observed and calculated pCO2.

NHa ~ug-atoms’liter"I) AutoAnalyzer: adaptation of S.W. Hager and
Solorzano (1969) similar to D.D. Harmon
Head (1971); more details are in
Table III of Peterson et al. (1978).

NO~, NOa Tectmicon method number AAIII S.W. Hager and
(/tg-atoms’liter"~) 100-70W (Technicon Corp., Terry-D.D. Harmon

town, N. Y.).

SiO~ Technicon method number S.W. Hager and
(~g-atoms’liter"~) AA105-71W. D.D. Harmon

Chlorophyll a Spectrophotometric (Strickland B.E. Cole and
(fluorescence units) and Parsons 1972). A.E. Alpine

micronutfient distributions in the estuary. In summer, when phytoplankton biomass incre
micronutrient concentrations are lower than those resulting from a mixture of river and
waters. Nevertheless their concentrations are generally well above rate-limiting levels. C,
quently, a summer minimum in phytoplankton abundance typical of ocean waters at temp
latitudes is not found in the Bay.

A linear relation between a biologically reactive substance and salinity suggests the rel
importance of conservative and nonconservative processes to its distribution. For extreme
pies, dissolved silica always exhibits near-linear salinity correlations in winter, whereas during ~
river-flow period in summer 1961 (see McCarty et al. 1962) silica was observed below rate.lin
concentrations (10 #g-atoms’liter"1, el.: Paasche 1973 a, b; Goering et al. 1973; Davis et al. 1
Other micronutrients with more complex histories exhibit less consistent winter-linearit3
summer non-linearity with salinity. At times during winter even fluorometdc chlorophyll4,
butions seem to be near-linear with respect to salinity (Fig. 2).

The complexity of nitrogen sources and sinks may best be understood when their
three-dimensional distributions are known. Present two-dimensional data demonstrate thal
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I WINTER

1971-72 1972-73

,-
.m. 0        ! I I I I I

m 1973-74 1974-75

II ,    I I     I I I     I
0 10 20 30 0     10 20    30

SALINITY (0/00)

II Fig. 2. Winter (October through April)fluorescence (mostly chlorophyll a) distributions with
salinity during the years indicated in each panel. Data from near-monthly surveys (Smith et al.
1979).

II
SUMMER

1971                         1972

24

0         I        I       I
Z

0 10 20 30 10     20     30
SAUN=TY (WOO)

Fig. 3. Summer (May tt~rough September) fluorescence (mostly chlorophyll a) distributions
during the years indicated in each panel. Data from near-monthly surgeys (Smith

179

C--050085
C-050085



SAN FRANCISCO BAY

"~c-oncentrations are exceedingly variable in the river, whereas NH3 concentrations are lower in t
river than in the estuary (Figs. 4, 5). Phytoplankton productivity experiments show that NH3 ut
zation is preferred before NOz, if ambient NFI3 concentrations remain above 2 tzg-atoms-lite
(Peterson et al. unpublished). By late summer (August and September) both these inorganic
trogen species may be depressed below rate-limiting concentrations (Fig. 5). And, because te
N:P is generally less’ than 16:1 by atoms, nitrogen is considered to be the growth-limiting a
cronutrient.

The seasonal distributions of dissolved 02 and CO2 are less well defined than the mk
nutrient distributions. Oxygen is generally slightly below saturation concentrations and
is generally well above saturation concentrations throughout the year (an exception is discusse~
the last section).

SOURCES AND SINKS

To compute annual OCNSi sources and sinks (Table 2) I first approximate the atmosph
exchange rates of O2 and CO~ from their average or typical concentrations in the Bay, and
superimpose the photosynthetic activities of the phytoplankton on effects of atmospheric
change processes to establish their influence on micronutrient circulation and dissolved
CO2 distributions. Next, exchange rates between the substrate and overlying water are inch
and compared with the contributions from river inflow and waste. Finally, I discuss the pro1
of defining exchange at the ocean boundary.

Atmosphere

Oxygen is a useful parameter for initial calculations because its seasonal and spatial
tions are small. Average near-surface oxygen concentrations along the main channel are
saturation with respect to the atmosphere (Fig. 6). Thus the Bay waters act as an oxygen sink
the oxygen-invasion rate from the atmosphere can be estimated using the stagnant boundary
model (el. Broeeker and Peng 1974):

Oxygen flux = D-Cs - aP

where D is the molecular diffusivity of gas, g is the film thickness, Cs is the gas concentrat
the bottom of the film, ~ is the gas solubility, and P is the partial pressure of gas in the air.

Typical summer and winter dissolved oxygen concentrations range from 500 t
#g-atoms-liter"1 depending on seasonally varying water temperature and salinity (Fig. 7). Usf
range of values and assuming that near-surface 02 is at 94% of saturation concentrations,
ranges from -32 to -45 pg-atoms 02 :liter"t (a value of -40 pg-atoms’liter"I is used in the
lation, Table 3). Other assumptions include: average temperature is 10°C in winter and 2
summer (this requires an accompanying change in D);/~ is estimated from wind speeds (E~
1975) of 6 m-s"~ in summer and 2 m-s"1 in winter. An annual mean oxygen surface-excha~
is made from the average winter and summer exchange rates using the North Bay volume
109 m3) and area (6 x l0s m~ ; Selleek et al. 1966).

Dissolved CO2 in the estuary is generally 125 to 250% above saturation concen~
(Spiker and Schemel 1979). Saturation concentration is about 12 #g-atoms-liter
primarily on alkalinity, temperature, and salinity (see Skirrow 1975). Thus, the CO~ evas
from the estuary is estimated following a similar calculation as above for 02. Cs - aP is asst
be 12/~g.atoms-liter"~ in both winter and summer (Table 3), or about 200% saturation.
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TABLE 2. ORDER-OF-MAGNITUDE ESTIMATES OF OCNSi SOURCES AND SINKS
(REAL AND POTENTIAL) FOR NORTHERN SAN FRANCISCO BAY ESTUARY.a

OXYGEN CARBON NITROGEN SILICON
SOURCES/SINKSb (1) (2) (3) (1) (2) (3) (1) (2) (3) (1) (2) (3)

BOUNDARIES
Atmosphere +540 +56 + 8.2 94 - 13 1.9 0

Substrate -640 -67 - 9.8 +170 + 24 + 3.5 +34 +4 +0.60 + 85 + 5d +0.8

Oceane - 580 - 60 8,7 ? ? ?

River
dissolved inorganic +580 +60    + 8.7      +780 +110 +16       +26 +3     +0.45+290 +17 +2.5

particulate +270 + 38 + 5.5 +27 +3.2 +0.47

WATER COLUMN
ph0tlc depthe +430 +45 +13 - 180 - 25 7.2 - 34 - 4 - 1.2 - 170 - 10 - 1.5

aphOtic depthf     - 330 - 34 - 10 +100 + 14 + 4 + 9 +1 +0.28

TotalDepth +100 +11 + 1.6 80 11 1.6 -25 -3 -0.4 -170 -10 -1.5

ANTHROPOGENIC
Waste - 86 - 8.9 1.3 + 29 + 4 + 0.6 +21 +2.5 +0.36

a Note that these tales illustrate mean-annual approximations and that seasonal variations may be large (see text). Values are reported as (1) metric tonnes per
day; (2) milligram-atoms per meter2 per day; and (3) microgram-atoms per liter per day. Two figures are generally given for ease in following the calculations
and do not indicate precision.

b Sources (+) mean the element is introduced to the water column as a dissolved species (wi~h the exception of river-borne particles); sinks (-) mean the dissolved
species is converted to a particulate phase or leaves the system. See the text for a discussion of assumptions. ¥olume = 4.12 x 109 m~, area = 6 x 108 m~,
depth -- 7 m.

discussion of uncertainties.
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I DISSOLVED OXYGEN
(median value of percent saturation)

90% (OR LESS)~ 10 80%-85%

2O

0 20 40 60 80
DISTANCE FROM GOLDEN GATE (km)

I Fig. 6. Longitudinal and depth distribution of dissolved oxygen % saturation (median value)
om near-monthly surveys over the period from Fall 1971 to 1974.

I Phytoplankton

The photosynthetic rates utilized in the calculations are from obselvations made in 1976 and

)~ll when phytoplankton biomass and associated activity in the inner estuary were probably
:II typical levels (Pete~son et al. unpublished). Net 24-hour oxygen production and carbon
stl~ilation, averaged over the photic depth, ranged from 43 to 100 and 35 to 87 mg-atoms-m"2 -d"1

spectively, in the outer estuary, and from 16 to 72 and from 13 to 27 mg-atoms-m-2-d-t, respec-
�:1’ in the turbid landward regime for "’sunny" spring and fall days (75 Einsteins-m"~ -d"1). Pho-

pth ranged from 3.4 to 7.3 m in the sea~,ard portion of the estuary and from 0.5 to 2.3 m
adward.

o~ ,oo, ’ o~o~,~ ’ ’~ OXYGEN

~

¯ ~100% SAT

~ oO~
540

36G

~ tao CARBON ¯ >/IO(~% SAT
o < 100% SAT

SALINITY

7. Winter and summer (1972) disso!ved oxygen and carbon dioxide distribution with sa-
the different symbol for above and below 100% saturation with respect to atmosphere

with summer (1972) fluorescence (Fig. 3) and micronutrient (Fig. 5) distributions.
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TABLE 3. ASSUMED PARAMETERS AND ESTIMATES OF AVERAGE NET GAS-
EXCHANGE RATES BETWEEN THE ATMOSPHERE AND SAN FRANCISCO BAYa

02                         C02
Parameterb           Winter        Summer      Winter      Summer

Cs - o~P (#g-atoms-liter"I ) - 40 - 40 +12 +12

D ( 10-s cm2 -s"1 ) 1.57 2.06 1.25 1.64

/s(10-6 m) 240 80 240 80

flux (mg-atoms’m’2"d"t) - 23 - 89 + 5.4 +21

a (_ indicates a sink, + a source).
b eL Broecker and Peng 1974.

Rates of dark-bottle biochemical mineralization, O2 consumption, and CO2 production wer~
of the same order as the analytical precision and probably estimated an upper limit to the rea
rates in the aphotic water column. Seventy percent of the values were between 4.8 and
ttg-atoms-liter"a "d"1 for O2 consumption and between -1.2 and 4.8 ttg-atbms’liter"1 "d"~ for CO:
production. Ten and 4/~g-atoms-litera :da respectively are the values used in Table 2.

In the oxygen-production and carbon-assimilation model, I assume that photic processe
occur in half the North Bay volume and aphotic processes in the other half. The average North Ba
depth, 7 m, is used. I also assume that photic depth-integrated rates represent the upper hal
volume, and that dark-bottle experimental rates represent the lower half-volume. Photie depth pr~
ductivity selected for oxygen and carbon are well within the observed ranges (Table 2) but m~
seem low compared to values inferred in the literature. An upper limiting value for the Bay mig/
be the annual average of 80 rag-atoms C-m"2.d"t as observed in the New York Bight (Malo~
1976). Ambient ehlorophyll~ levels are similar in the two regions but average specific producfivi
is higher in New York Bight and the photie depth there is deeper (see also Cloern 1979).

Photosynthetic nitrogen assimilation is six times carbon assimilation (by atoms), and aver~
dark bottle (aphotic) nitrogen mineralization is estimated to be 0.28 #g-atoms-liter"l-d"~ (rang~
from 0.02 to 0.4). These values were also applied to "photic and aphotic" North Bay volun
(Table 2). The estimate of silica utilization by phytoplankton was made using a numerical me
(Peterson et al. 1978) and it appears consistent with the other values if a major fraction of
phytoplankton consists of diatoms.

Substrate

The processes of atmospheric-oxygen invasion and carbon evasion at the surface and of
oxygen production and carbon assimilation within the water do not balance. For the prese~
seems attractive to assume that these processes are balanced by exchange with the substrate (T
2). Experimental observations of benthic oxygen consumption and NH3 release made during
ter indicate, similar rates for O2 and NI-I3 as we have estimated (Hammond and Fuller                                           1979).~ ~

Sacramento-San Joaquin River (Delta Outflow)

Transport of river-borne nitrogen is estimated by multiplying
solved inorganic nitrogen species (NH3, NO3, NO2) by mean-monthly discharge and,
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~nf the months when no observations were available, by using a linear interpolation of concentra-
. Because concentrations are highest during high river discharge, monthly nitrogen income

varies by several orders of magnitude from winter to summer (220 metric tonnes per day It’d"a] in

l? ruary, 1.5 in July, 1973, 80 t-d-1 in January and 1.6 in July, 1974). The annual average dis-
ved inorganic nitrogen transport was 31 t-d"1 in 1973 and 21 t-d"1 in 1974. Mean flows for

these years were 720 and 1,100 m3-s"1, respectively, whereas the mean annual discharge is 600

~-s-t. From the few observations available it appears that dissolved organic nitrogen is about
al in abundance to inorganic forms (Peterson et al. unpublished). Thus, measuring inorganic

trogen underestimates the total dissolved nitrogen supply by a factor of two.
River-borne particulate nitrogen and carbon is estimated assuming: (1) a mean annual~timent load (Conomos and Peterson 1977); (2) that the sediment is 3% organic carbon (un-

tl~blished, data); and (3), that sediment contains 0.3% organic nitrogen by weight (see Storrs
et aL 1966).

I Dissolved inorganic carbon is estimated from alkalinity. The month-to-month variations in
alinity in the river, typically 0.8 to 1.5 meq-liter-~, are not well understood. We assume that a

value of 1.25 meq-liter"~ is representative of average flow (600 m3-s"~) and that both dissolvedin-

iguanic carbon and alkalinity are mostly the bicarbonate species (1.2 mg-atoms C-liter"l). In theer, pCO2 frequently exceeds three times the saturation level and is probably an important
rce of dissolved CO~ in the estuary (Fig. 7). However, because the bicarbonate species repre-

sents most of the inorganic carbon supplied to the estuary, dissolved CO2 levels in the river can be

I ored here.

Waste

I Municipal and industrial waste sources (Table 4) are averaged over the region from below
o Vista to the San Mateo Bridge (Fig. 1), which includes the upper reaches of South Bay, be-

muse a substantial portion of the waste is released in this segment. To some unknown extent this
is mixed with waters of the central region and may be available for transport into North

Estimated loads have been averaged by volume over the input region (6.23 x 109 m~) but
are given only for the volume of the North Bay, 4.12 x 109 m~ (Table 3). This may

the waste contributions from point sources to North Bay. Waste from non-point
such as urban runoff into local streams, although believed to be significant, is unknown

not estimated.
The Sacramento and San Joaquin rivers are not solely a natural source of substances to the

i much of their water is used and reused before arriving at the Bay. The relative magnitude
contributions to the enormous winter runoff of nitrogen is unknown. Streams

agricultural land have high nitrogen concentrations (Omernick 1976), however, and it is
that fertilizer is an important source of nitrogen brought to the Bay. Livestock waste is

likely source. Nitrogen reported as fertilizer for the 1975 agricultural consumption total
State of California is 1,300 t-d"l (California Department of Food and Agriculture 1976).

total should be corrected to reflect only that portion used within the Sacramento-San
drainage basin, this high value illustrates that only a small leakage could supply substantial

the Bay.
examplary reference model documenting waste sources has been made for the New York

1976; Mueller 1976). This region is of ~terest here even though its features are not
(e.g. dredging, barging of waste, and atmospheric washout of nitrogen are important

the bulk of the wastes (from New York) are discharged near the mouth of the
~ in San Francisco Bay (from San Francisco to Oakland).
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TABLE 4. POINT SOURCE WASTE LOADS (METRIC TONNES PER
DAY) FOR CENTRAL AND NORTH SAN FRANCISCO BAYa

Property
Organic

Locationb BOD Nitrogen NH3 NO3

South Central (San Marco to Bay Bridge) 79 6.9 10 1.0

Central-North (Bay Bridge to Pt. Richmond) 25 2.5 2.2 0.3

San Pablo Bay (Pt. Richmond to Carquinez) 13 0.8 3.4 0.5

Carquinez Straits (Carquinez to Benicia Bridge) 0.6 0.09 0.09 0.02

Suisun Bay (Benicia Bridge to Antioch) 15 0.7 3.3 0.2

TOTAL 130 11 19 2
a Unpublished data for 1975, supplied by California State Water Quality Control Boaxd, San Franeise0

Bay Region.

b Location areas indicated in Fig. 1.

Ocean

The direction of net exchange at the river, atmosphere and bottom boundaries is usually
parent (e.g. from river to estuary). At the ocean boundary, however, it is difficult to
direction of net exchange without knowledge of circulation. In the Hudson
ample, the net transfer of nutrients is clearly ~from estuary to ocean (Garside et al. 1976:
et al. 1977). Because average water replacement time there is short (a few days), in situ
is not the only major supply of phytoplankton found in the estuary. Rather, incoming
bottom water has been identified as a dominant source of phytoplankton (Malone 1977).
blishing the net exchange of phytoplankton between the San Francisco Bay estuary and
tal ocean is not so simple~ Several difficulties in qualitatively describing the exchange process
the Bay are apparent.

If, rather than attempting an independent evaluation of exchange processes at
boundary, we assume a steady-state budget, then dissolved-oxygen exchange between
and Bay equals the supply of O2 from river, atmosphere, and net photosynthesis in the
column minus O2 consumption by the bottom. This predicts a net O2 loss from the Bay
ocean (580 t.d"1 ; see Table 2).

The average distribution of dissolved O2 suggests that the above calculation is c
correct (as % saturation, Fig. 6). Incoming waters at the bottom tend to be low in
because they often originate from wind-or estuarine-water-induced upwelling
water offshore (Conomos 1979). The central part of the Bay also receives a large
sewage. Effects of the latter process are not clearly separated from those of the former but
lation of decreasing O2 with decreasing NHa, when the NH~ concentrations are below
natural levels (about 3/~g-atoms-liter"1, suggest upwelling as the primary low-oxygen
the mouth of the Bay.

Incoming low-oxygen near-bottom waters may cause part of the decrease in oxygen ~
tration with increasing depth in the interior of the estuary (lowering our estimates
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Istumption). Of course, a more obvious cause is simply that the contributing atmospheric,oplankton, and riverine sources are near-surface phenomena, while benthic consumption is a
ear-bottom phenomenon. In either case the landward-flowing near-bottom waters tend to be

in 02 than the seaward-flowing surface waters, thus maintaining an advective loss of 02
-I~rthe Bay.

The key to understanding estuarine-transport processes is, however, in the nonadvective flux

~Sary(Kinsman et al. 1977). The few observations made in San Francisco Bay .(restricted to the
channel) suggest that horizontal eddy diffusion contributes about 70% of the sea-salt to the

(Conomos 1979, Fig. 25). The eddy exchange coefficients for sea salt may also apply to
kssolved O~. However, the net exchange of oxygen by eddy diffusivity remains qualitatively un-

~obecause the horizontal oxygen gradients are small and not well-described, especially sea-
f the Golden Gate. If we assume the converse, or a gain of Oz from the ocean to Bay, then,

2 consumption by the substrate becomes even r~ore important (unless we also reverse the net O~

I s as describ~ed). ’
Carbon exchange is more complicated than oxygen exchange because both particulate and

lved phases are involved. Also, the inorganic reactions of dissolved inorganic carbon must be
msidered (cf. Skirrow 1975). Ignoring such complexities for dissolved COz, making the same

r ation as for dissolved O~ shows a loss of CO2 from Bay to ocean (equal to fiver input).

We do not know if this calculated loss is reasonable because the average depth distributions
: dissolved CO2 near the ocean boundary have not been estimated. In the Bay pCO2 generally ex-

:~ atmospheric equilibrium values, whereas pCO2 in surface ocean waters near the Bay is
:lably lower. This suggests some loss of CO~ from the Bay to ocean, although this process re-
~esents a very small portion of the total exchange. The bulk of the inorganic carbon is in the form
issolved bicarbonate. Its concentration in river water is about half that of seawater, whereas

oncentration of particulate organic carbon is usually several times greater in the river than in
djacent ocean (see also Spiker and Schemel 1979). Preliminary observations indicate that the

~ncentration of dissolved organic carbon is about 80 #g-atoms-liter"1 for oceanic waters and

I~tantWO times greater for the Sacramento River. Thus, dissolved organic carbon is quantitatively
t, but its participation in the carbon circulation of the estuary is unknown.

The supply of fiver-borne particulate organic carbon is very large because the supply of sedi-
~t~to the Bay is also very large. The supply of river-borne particulate organic carbon may rival

net phytoplankton production averaged over the photic depth (Table 2). It follows that, be-
the sediment supply is large, subtracting the accumulation rate of carbon or nitrogen in

3ttom sediments from their supply rates would not provide a reliable estimate of their !oss to the

I. Expected uncertainties in either the river supply or bottom accumulation rates of carbon or
il~gen, for example, are of the same magnitude as their waste-input rates (note that this large
~diment dilution effect is also manifest in the general absence of high concentrations of anthropo-

trace elements in the bottom sediments [McCulloch et al. 1971; Peterson et al. 1972] .)
The near-surface plume of NH3-enriched water which commonly extends outside the Golden
reveals that NH3 is almost continuously released from the Bay. Nitrate, however, appears to

from the ocean to Bay or vice versa (Fig. 4).
The net exchange of dissolved silica is almost invariably from the Bay to ocean, as illustrated

silica concentrations in outflowing (surface) than inflowing (near-bottom) waters (Fig.
A, B and C). In instances when silica concentrations in the Bay are depressed below

concentrations, the concentrations at the Golden Gate are lower at the surface than in near-
water, and net exchange is probably reversed from the ocean to the Bay (Fig. 8, Panel D).

silica, primarily diatom remains, accumulates in bottom sediment. Dissolution sup-
to the interstitial water and, ultimately, to the overlying water column. Hammond and
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B, winter; C, summer of hi~ river d~ch~ge; D, summer of low ~ver discharge.

Fu~er (1979) have measured t~s rate in sim to be about 5 mg atoms-m"~’d
pro~des a lower ~it to ~ est~ate of ~co~ng se~entafion of biogenic s~ca, assu~ng abi~
genie s~ca dissolution to be neg~ble, because complete dissolution is not expected. In ~is sense
both ~e est~ated s~ca ut~zation in ~e water and H~ond ~d F~er’s obse~ed supply from
~e bottom seem reasonable.

There is, ~en, a large export of dissolved s~ca from ~e Bay to ~e oce~, but ~s export
probably less ~ ~e river supply because ~ere must be some loss associated with
of bottom sed~ent. The average oxygen distribution at ~e Golden Gate ~so indicates a net
of Oz from t~e Bay to oce~, opposite to what one ~t intuitively expect. For ex~ple,
l~dward nontidfl flow is 5 ~-d"~ ~d seaward flow is 6 ~-d"~ (Conomos 1975).
~ese velocities characterize h~f ~e cross-section~ area at ~e Golden Gate (44 x l0s m~),
~coming waters are at 85% saturation concentrations (5 i0 #g-atoms-~ter"~), ~d ~at
waters are at 95% of saturation (570 #g-atoms.Hter"~), advecfive net tr~sfer is 190 t’d"~
one-~rd the fiver supply). Perhaps ~ere is ~so a net loss of ~trogen from ~e Bay;
atmosphe~c evasion Nong wi~ net exeh~ge to the oce~ seems to be a mech~ism for toss of
solved CO~ from ~e Bay. Mso, ~ere is probably a net tr~sport of dissolved org~ic
~e Bay, especi~y if ~e river supply does not participate in biochemic~ processes
Descfib~g the ~rection of net exch~ge for carbon, however, ~ require a better
its distribution at ~e oce~ bounda~ ~d in segments.

SEASONAL VARIATIONS

W~ter ~d su~er ~st~butions of gases ~d nutrients (Figs. 2, 3, 4, 5, 7)
effects of water circulation ~d of nonconse~ative sources ~d s~ks. When water
strong (when fiver inflow is M~), ~e effects of sources ~d s~ks not direcfl~
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~ernOr ocean are minimized and the overall distributions tend to be linearly related to salinity.circulation weakens (when river flow is low), effects of these sources and sinks become in-
creasingly apparent. Winter (November through April) is typically characterized by river .flows
g~ter than 500 m3-s"x, and summer by flows of 200 to 300 m3-s"1 or less. The lower flows are
p~ably the main reason why the distributions tend to be nonlinear in summer. To contrast sea-
sonal effects we will approximate the water-replacement time in the estuary at 500 m3-s"z as 20
di and at 100 ma-s"I as 70 days (Peterson et al. 1978).

Winter

l’ River inflow is clearly a major source of substances to the estuary and, generally, must in-
cr~se in importance with increasing winter discharge. During winter, photosynthetic processes are
minimized because the standing crop of phytoplankton is less than in summer (Cloern 1979) and

~’g~et is about one-third that of summer values; atmospheric exchange may weaken becausespeeds average one-third those of summer ,~alues (Conomos 1979); and benthic activity is
d to be subdued because of lower water temperatures. Thus, source or sink values are

possibly lower than average while the river supply is about the same or greater. In a simplified
el a reduction by a factor of two seems justified in the winter rates of net water column pho-

to, thesis and atmospheric and benthic exchanges.
With regard to the level of dissolved O2 in winter, net photosynthetic processes produce less

O~n winter than in summer, atmospheric oxygen invasion is less in winter, and benthic oxygen
cc~umption is also less. Therefore, the dissolved oxygen concentration in the estuary is controlled
mbTe by its concentration at the river and ocean b.oundaries than internal sources or sinks. If, for
ex~l]aPle, dissolved O2 is near 100% saturation concentration in the river in winter, then the estu-
givould also tend to approach 100% saturation concentrations (depending on the O2 concentra-
tim at the ocean boundary). Similar reasoning applies to the other elements.

The relative importance of water circulation and of nonconservative sources and sinks is

adb~onStrated by comparing replacement times of various elements in the water column, for eachf supply or removal, with the water-replacement time, assuming the winter rates discussed
eve (Table 5). The dissolved-OCNSi concentrations used are based on the distributions presented

~¢agin; representative winter particulate carbon and nitrogen concentrations were chosen to be 60
~6 ttg-atoms.liter" respectively. If the water replacement time is clearly less than the substance-
td~%ver time, .then that source or sink is relatively ineffective.

The winter ratios of water-replacement time to OCSi (sources]sinks) turnover time are all
~thartone. Thus, near-conservative OCSi distributions predicted to be ¯are acommonoccurrence
~nter. This is indeed observed.
i Near conservative winter distributions, then, are a consistent pattern for dissolved silica and

~~,e, sser extent for chlorophyll~ fluorescence (or phytoplankton) and for dissolved 02. Most of
|~Oz and, as might be expected from its low concentration in river and sea water, all off the

~ ~.distfibutions appear nonconservative. It follows that the NH3 sources may be relatively
is suggested by the distributions and calculations.

Summer

effects during summer are illustrated by increasing the rates of atmospheric
exchange and net photosynthesis in Table 2 by 50% and decreasing river inflow from

"sq to 100 m~-sq, a relatively low but not unusual river flow. Total inorganic carbon, pri-
the form of bicarbonate, is predicted to maintain conservative or near-conservative dis-

(Table 5).

189

C--050095
C-050095



TABLE 5. RATIO OF WATER REPLACEMENT TIME TO SUBSTANCE REPLACEMENT TIME
DURING WINTER (W) AND SUMMER (S)b

Substance
Sources Oxygen Carbon Nitrogen Silicon

and ECO2 c POCd NO3 NH~ PONe

Sinks W S W S W S W S W    S W S W    S

Atmosphere 0.13 1.4 0.01 0.11

Substrate 0.16 1.7 0.02 0.21 1 16

River
Dissolved- 0.29 0.17 0.18 0.39 0.45    0.08 0.7 0.5
inorganic

Particulate 1.8 0.71

Water Column
Net photo- 0.03 0.28 0.26 1.8 0.66 4.7 0.2 2.6

synthesis

Waste 0.04      0.15 0.007 0.66 3.5

(See notea) 600 600    1,700 1,700 60 90 20 10    6 4    6 9 20    60

a Concentrations (pg-atoms.liter"1 at/~) in estuary.

b High value means water r~placement is less important than source or sink in influencing substance distributiOn; water replacement is assumed, to be 20
days in winter, 70 days in summer.

c Tqtal dissolved inorganic carbon primarily as bicarbonate.

d Particulate organic ear.ben.

ganic nitxogen.
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I In summer 1972 the distributions were complex, but they largely reflected the effects of
ptl~osynthetic processes in the inner estuary, where the salinity was less than 15 °/oo. In this in-
st~ice the usual distributions of dissolved O2 and COz were reversed: oxygen was above saturation
e~lentrations with respect to the atmosphere and carbon dioxide was depressed below saturation
c~entrations. In that case photosynthetic rates must balance or must exceed the carbon supply
associated with both benthic oxygen consumption and atmospheric invasion. The approximation
otlet photosynthetic effects is now probably low, especially for this section of the estuary. The
se_~ted value can be easily revised upwards, however, in part because we do not know very well
~¢hat the real net photosynthetic rate is over the entire water column.

~[ As noted, the similar magnitudes of many of the estimated sources and sinks emphasize this
~l.3~anic nature of the system. In summer 1972 (Fig. 7) photosynthetic O2 production needed
3d!IJI about 50 pg-atoms-liter"1 to achieve equilibrium concentrations, making net atmospheric ex-
change zero. Assuming a daffy increase in net photosynthetic dissolved oxygen equal to the preci-
~i~of the method, or, about 10 #g-atoms-liter"1 -d"1, we conclude that it would take only 5 days
toJake up this deficit! It should also be noted that photosynthetic production:mineralization
processes disturb the dissolved CO~ equilibration with the atmosphere disproportionately, as com-
?~d with O2 equilibration, primarily because the ratio of O2 to CO~ in the atmosphere is very
~l (O:C = 630:1 by atoms).

The last example illustrating the dynamic nature of the system is suggested by comparing the
m~mmer of 1971 with 1972. In 1971 river inflow was stronger, averaging 400 m3"s"1, as compared
4200 in 1972, and photosynthetic effects in 1971 appear relatively weaker (Figs. 3, 5). Thus,
,ill,apparent from the observations that the calculations as made have considerable freedom for
djustment up or down and will still appear realistic.

1 During periods of high river flow, then, many nonconservative substances appear to be pass-
.n~lrough the estuary. During low river flow, however, the magnitudes of local sources and sinks
atay exceed river and ocean inputs. Also, their estimated magnitudes indicate that several processes

~tol the oxygen, carbon, nitrogen and silicon distributions at comparable rates. With more ob-
ions, future refinement in the above estimates of sources and sinks and water replacement

~ is expected. It is important that such refinement be accompanied by observations from the
~ channels into the "unknown" waters overlying the shoals of the Bay and into the shelf wa-

Bay.
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DISTRIBUTION AND STABLE-ISOTOPE COMPOSITION
OF CARBON IN SAN FRANCISCO BAY

ELLIOTT 12. SPIKER AND LAURENCE E. $CItENEL
U. S. Geological Snr~ey National Center, Reston, YA 221192

U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Observed distributions of alkalinity, pCO2 and ~13 C(~CO2) indicate that dis-
solved inorganic carbon (DIC) was primarily supplied to San Francisco Bay by
ocean, Delta, and municipal waste waters during the low Delta-outflow period
from March 1976 to March 1977. Delta-derived alkalinity was typically about
half that of ocean water and increased slightly with time. The pCO2 values were
highest (2 to 3 times the atmospheric value of approximately 325 ppm) in the
Sacramento River and southern boundary of South Bay and decreased to near.-
atmospheric values seaward of the Golden Gate. The 513 C(~CO2 ) was lowest in
the Sacramento River (approx. -10 % o), increasing to marine values in the Gulf
of the Farallones (approx. +2 % o). Golden Gate values were approximately 2
% o less than those seaward, indicating that at least 10% of the ~CO2 was bio-
genic and is apparently the product of respiration and the mineralization of
organic matter in the Bay. South Bay alkalinity and pCO2 levels increased
southward, whereas 613C(~C02) and salinity decreased. Municipal waste dis-
charged into South Bay is the most probable source of the excess biogenic CO2.

Distributions of particulate organic carbon (POC) in North Bay were influ-
enced by in situ phytoplankton production and seaward dilution of riverine and
estuarine POC. Apparent depletions of pCO2 in North Bay coincide with chloro-
phyll a, POC, and ~ 13 C(~CO2 ) increases. The 5 ~ ~ C(POC) values during March
1977 approached those predicted for in situ algal production, suggesting that
about 80 to 90% of the POC was produced in the seaward part of the estuary. In
situ algal production was an important source of POC in the river. However, in
the null-zone associated turbidity maximum, less than two-thirds of the POC ap-
pears to be riverborne, the remaining one-third being produced in the estuary or
associated with resnspended bottom sediment. South Bay suspended POC ap-
pearst°beamixture°fresnspendedb°tt°msediments,insitupr°ducedPOC
and land-derived organic carbon. Based on 5~ 3 C data, Spartina salt-marsh grass
does not appear to be a significant source of detritus in the Bay.

¯ The ~ 1 ~ C of sediment total organic carbon (TOC) indicates that riverine car-
~,~ bon from the Delta is diluted in the Bay by estuarine and marine carbon. The

suspended POC and sediment TOC ~ 13 C-measurements approached marine val-
ues seaward of the Golden Gate.

importance of carbon in estuaries is fundamental because estuaries are valuable environ-
carbon fixation by aquatic plants and this estuarine production is essential in maintain-

8ome fisheries (Woodwell et al. 1973). The San Francisco Bay estuarine system (Fig. 1) receives
from natural sources as well as large amounts from the surrounding urban area, primarily in

of municipal wastes. In this chapter, we discuss the sources and dynamics of carbon in
Bay waters by presenting distributions of some important organic and inorganic

their stable carbon isotope compositions.

Pacific Division, AAAS. 195

C--0501 01
(3-050101



SAN FRANCISCO BAY

Carbon in Estuaries

Dissolved inorganic carbon (DIC) in estuarine waters comprises dissolved carbon dioxide
(C02) and the ionic species of dissociated carbonic acid:

KI K~
HaO+CO2 ~ I-I++HCO;~-~- 2H++CO~-(eq. 1).

Concentrations of these species depend on constants, Kx and K~, which are temperature and
salinity dependent. A detailed discussion of DIC in estuaries is presented by Meek and Koene
(1975).

DIC is most commonly described in terms of four measurable quantities: alkalinity (A), total
COn (ECO~), negative logarithm of the hydrogen-ion activity (pH), and partial pressure of the
CO~ dissolved in the water (pCO~). Alkalinity is the amount of hydrogen ion, in milliequivalents
per liter (meq-liter71), required to convert carbonic and weaker acids to their undissociated forms:

A = CHCO~ + 2Cco~- + CB(OH)] + C(OH--H+) + Cma (eq. 2).

The boric acid concentration (CB(OH)~) is low in river water and it increases to account for about
4 to 5% of the alkalinity in sea water (Skirrow 1975). The excess hydroxide concentration,
C(OW.H+), is very low in the pH range naturally occurring in estuaries and can be ignored. The al-
kalinity due to other miscellaneous weak acids and bases, Cma, can be important but, in general,
over 95% of the alkalinity is attributable to carbonate and bicarbonate ions, which comprise all
but a few percent of the total DIC in estuarine waters (eq. i).

Although ZCO2, the total amount of COz which can be removed from a solution after acidi-
fication, can be measured, in practice A is more easily determined to a higher degree of accuracy
(Skirrow 1975). Furthermore, A is perhaps a more useful measurement because it is not affected
by the addition or removal of molecular CO~, as o6curs during photosynthesis. In an estuary with
a single large freshwater inflow, mixing with ocean water can result in a conservative (linear) alka-
linity-salinity distribution, if the river and ocean compositions remain constant over the time nec-
essary for water to mix through the estuary (water-replacement time). When internal sources
sinks are significant, a nonlinear distribution occurs and the degree of nonlinearity is
their relative importance (Liss 1976). Nonconservative alkalinity distributions can result
precipitation or dissolution of carbonate minerals and from processes which release acids
For example, utilization of ammonium or nitrate ions by phytoplankton durin
and other biochemical processes can produce measurable effects (Brewer and Goldman

The pH and pCO2 of estuarine water will change if molecular CO~ is added or removed.
example, CO2 respired by organisms dissociates (eq. 1), increasing the hydrogen-ion
thus lowering the pH. Similarly, pCO: will increase because it is directly related to the
tion of dissolved COz. From freshwater to seawater, the magnitude of such a pH or pCO~
will vary primarily because of the salinity and temperature dependence of the dissociation
stants and variations in the chemical composition of the water. The measurable quantities of J
CO~ system can be estimated if salinity, temperature, and any two of these four variables
known (Skirrow 1975). Using two salinity-alkalinity couples typical of the Bay,
in pH and ZCO~ are presented in Table 1 for increases in pCOz of 100 ppm (parts per
of 1 atmosphere). The decreases in pH correspond to relatively small increases in ~CO~
lower salinity and alkalinity the changes in pH or pCO~ represent smaller changes in CO~.

The high sensitivities of pH and pCO2 to changes in CO~ make them excellent
studying photosynthetic processes in estuaries (Park 1969). Considering the p
for these measurements, very small changes are detectable. For the examples in Table
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Fig. 1. The San Francisco Bay system and adjacent Pacific Ocean.

~equivalentto +0.02 to ~uM’liter-~ CO~ ppm pCO~ corresponds0.6 arid +3.0 to !0.2 to +1.0
er-I CO2. Analytically, pC02 offers some advantages in estuaries. Uncertainties in electro-

pH measurements can arise from variation of ionic strength, which is salinity and tempera-
Measurements of pCO2 are not directly affected by this and analytical methods

to automated and continuous measurement (Schemel and Dedini 1979a).
Observed pC02 levels in rivers and coastal waters indicate that estuaries are typically over-

with C02. For example, pCO2 was reported in excess of 1000 ppm in the Columbia
(Park et al. 1969) and 2000 ppm in the Hudson River (Hammond 1975). Values exceeding

level (approx. 325 ppm) in coastal waters are often the result of mixing with river
(Kelley and Hood 1971; Gordon et al. 1973). The high pCOz in river and estuarine waters

attributed to the mineralization of organic carbon, which is more abundant in these envi-
than in the ocean (Head 1976).

the approach taken by Mook and Koene (1975) in discussing pH distributions in
conservative pCOz distributions can be calculated, assuming that A and ~CO~ are con-

Although the biological reactivity and other properties of C02 are such that conservative
might rarely be observed, these estimates can be useful in evaluating the relative im-

of processes involving CO2 in estuaries. The family of curves in Figure 2 illustrates the
of conservatively mixing ocean and river waters at constant temperature. Longitudinal
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TABLE 1. CALCULATED CHANGES IN pH AND
CORRESPONDING TO pCO2 INCREASES FROM 300 TO 400 PPM

AND 900 to 1000 PPM AT TWO SALINITIES AND TEMPERATURES.a

pC02 pC02
300 to 400 ppm 900 to 1000 ppm

Salinity Temperature Alkalinity pH change~CO2 change pH change ~CO2 change
(% o) °C (meq’liter"z ) (mM’liter-z ) (mM-liter"1 )

6 10 1.48 -0.118 +0.018 -0.044 +0.008
6 20 1.48 -0.114 +0.020 -0.045 +0.008

24 10 1.96 -0.112 +0.036 -0.044 +0.012
24 20 1.96 -0.107 +0.042 -0~042 +0.011

a Calculations were made using expressions for the dissociation constants of carbonic and bode acids
the solubil~ty of CO2 based on the data of Bueh (1951), Lyman (1956), and Weiss (1974).

temperature variations will, of course, influence the shapes of the curves. Net removal of C~
by processes operating in the estuary would cause the observed levels to be lower relative to
mixing curve, while CO2 sources, such as respiration and mineralization of organic matter, wo"
increase the pCO~ levels.

Organic carbon is an important but difficult component to fully evaluate in estuarine war,
Measurements of organic carbon are normally made on two fractions, dissolved organic carl
(DOC) and particulate organic carbon (POC). DOC and POC are separated by filtration; POC is
fraction greater than about 0.5 to 1.0 #m in diameter (Parsons 1975). The concentrations of I)
and POC are similar in estuaries (Head 1976). POC is composed of both living organisms, sud
plankton, and detrital (nonliving) material. The phytoplankton POC fraction is often estimate
the chlorophyll a concentration multiplied by an empirical factor, the carbon to chlorophyll
rio. Because this ratio often varies (Banse 1974), for practical purposes, the chlorophyll a con
tration alone is used as an indicator of relative phytoplankton POC abundance.

Rive~_ne POC concentrations are typically higher than those in the marine environr
(Head 1976). Although POC abundance generally decreases between the river and ocean bec
of dilution and deposition, resuspension of bottom sediments, primarily by wind-induced tt
lence, may also influence local POC abundance in the Bay. Phytoplankton production can
a major factor contributing to the seasonal abundance of POC in estuaries (Biggs and F1
1972). Seasonal POC data (Sehemel and Dedini 1979b) indicate that this is important in th

Stable Carbon Isotopes in Estuaries

Differences in the thermodynamic and kinetic properties of the stable carbon isotopes
and ~ a C, result in measurable isotope-composition variations in natural substances. For exa
carbonate minerals contain more ~ a C than organic matter produced by photosynthesis. The
carbon isotope composition is expressed as the difference in parts per thousand (% o) betwe(
substance and the PDB reference standard (Craig 1957):

~aC(O/oo)=(Rs-Rst)X 10a (eq. 3)
Rst

Rs and Rst are the 13 C112 C ratio of the substance and standard, respectively. A ~-value of-~
means that the ~C/X2C ratio of the substance is 10 % o lower than that of the st~
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,
20~
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1        I
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SALINITY (Oloo)

Fig. 2. Calculated conservative pCO2 distributions for conditions typical of San Francisco
Bay. Values of pCO2 are estimated assuming conservation of ~CO2 and alkalinity (A = 1.174 +
0.034 [S % o]) at 10°C, using expressions for the dissociation constants of carbonic and boric ac-

il ids and the soaubilitY of CO2 based on the data of Buch (19511, Lyman (1956), and Weiss (19741.
Many processes operating in aqueous systems produce changes in the stable carbon iso-

tope composition of DIC and POC. An observed ~ 13 C of the total dissolved inorganic carbon,

!1  ,3c( co2), is the product of the sources and sinks of carbon and the resultof isotope fractiona-
li tion occurring between solid, dissolved, and gaseous phases (Mook et al. 1974; Wigley et al. 1978).

Major sources are biogenic carbon from the mineralization and respiration of organic matter (ap-
prox. -20 to -30 °/oo), atmospheric carbon dioxide (approx. -7 % o), and carbon derived from the
dissolution of carbonate minerals (approx. 0 °/oo). The effect of adding carbon from an identifi-
able source can be estimated by a mass balance calculation,

~p = 8if+ ~x(1-f), (eq. 4)

where ~i, ~p and 6x are the ~13C of the initial solution, the product, and the input carbon, respec-
tively, and f and (l-f) are the fractions of the initial and input carbon sources.

The isotopic effects of processes involving fractionating outputs, such as photosynthetic
utilization of COs or outgassing, can be described by Rayleigh distillation equations for equili-

~..bfium (see Hendy 1971; Claypool and Kaplan 1974; Katz et al. 1977). For example, preferential
of 12 C during photosynthesis results in a 13 C enrichment of the residual solution,

increasing the ~lzC(2;CO2). The isotopic composition resulting from a single output is
r:

~r = [/ii + 1000 (l-f) (l/aso-1)] - 1000 (eq. 5)

/ir and/ii are the/i~sC of the residual and initial solution; fis the fraction of carbon re-
from the solution, aso is the fractionation factor between solution(s) and the output spe-
aso = Rs/Ro, where R = ~aC/I~C of each. The composite effect of multiple sources and

s in aqueous systems is discussed by Wigley et al. (1978).

/i~sC(~;CO~) of fresh water ranges from zero to as low as -25 % o. Dissolution of car-
produces a solution with an intermediate ~ ~ ~ C value of about -11 °/oo (Fig. 3).
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O~C C~80N[ <
> AT~S~ERIC CO2

-25

Respiration

~ -IO

~Rl~

~g. 3. ~a~o~ cazbo~ cycle oxidat~o~ a~d ze~uct~o~ p~ocesses a~d the~ attendant ~soto~
~act~o~at~o~ effects.

More negative v~ues a~e due mostly to ~e ad~on of bioge~c CO2, ~d more positive v~u
may be a result of photosyn~etic acti~ty md a~osphefic exehmge (Broecker md W~ton 195
O~a ~d Deevey 1960; Parker ~d Calder 1970; Mook 1970; Rau 1978). In l~es ~ sufficie
water-residence time, atmospheric exchmge may resdt ~ a ~ z C endc~ent towards equ~bdu
~ ~ ~ C v~ues (approx. +2 ~/oo), as ~ the surface oce~ (~oopnick 1974). Thus, 8eason~ trends
contro~ed by variations ~ biolo~c processes, atmospheric exeh~ge, ~d ~e surface ~d grou~
water base runoffs.

The 6 ~ ~ C(~COz)-s~i~ ~stdbufion h~ been obse~ed to be near-conse~a~ve ~ ~e Ha
son md Mississippi estuaries (Sackett md Moore 1966), md
1970). The fo~s of ~ ~ ~ C conse~ative ~g cu~es ~ estua~es depend on ~e concentrationt
carbon, C, ~d the 6~ zC, 6, ~ ~e river md oee~ wa~, C~r ~d Co6o, respectively. The
of ~e conse~ative~ture is:

= c ff+ Co oO-O (eq, 6)

~e fraction of ~ver (fresh), f, water is c~culated from the s~ty.
~e 6 ~ ~ C of estua~e ~d ne~-shore surface-se~ent tot~ org~c carbon, 6 ~ ~C (T(

~d suspended particulate org~e carbon,
to ocean (approx. -19 % ~). T~s is gener~y attHbuted to ~e ~g of carbon from lmdp?
~d freshwater ~gae (approx. -25 to -30 % o) wi~ estuadne ~d ma~e ~gae (approk. -12 t(
~/oo; Sackett ~d Thompson 1963; H~t I970; Shulm ~d C~der 1976; Gea~g et ~. 1977).
~I~C of ~gae produced ~ ~e estua~ is p~a~y related to ~e isotopic composi~on of~e
source and ~e isotopic fractionation result~g from photosynthesis. The obse~ed fraction
between ~COz ~d ceil carbon may have a ~de r~ge (approx. -13 to -33 % ~), becau
growl-rate differences, temperature, and species (see Wong and Sackett 1978). In order
pro~ate ~e ~portmce of estu~ne p~ produc~on, we ass~e m apparent photosyn
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I~oactionation £ffect of -19 % o. Thus, if the ~13C(ZCO2) varies (river to ocean) from -10 to +2

o, then, the ~ I s C of algae produced in situ would vary from -29 to -17 % o. Alternatively, the
513 C(POC) distribution may be related to conservative dilution (eq. 6). Predicted 813 C(POC) dis-

~butions based on conservative dilution and algal production are a reference for estimating tile
portance of these processes as well as identifying inputs from point sources and resuspended
ttom sediments. Terrestrial organic carbon (approx. -25 °Ao), and Spartina salt-marsh grasses

i;pprox. -13 O/oo) are two point sources of detritus that can be identified (Haines 1977; Fry et al.
77).

METHODS

t were in San Bay during September 1976Measurements made Francisco March and and
arch 1977 at locations established in the channels (Fig. 1). Additional measurements were made

in the Gulf of the Farallor~es during September 1976 and in North Bay during January 1976. Near-

l urface sediments were eollected with a van Veen sampler in August 1973. Specific sampling loca-
ons, numerical values for the measurements, and a more detailed discussion of the analytical

methods are found in Schemel et al. (1978).

l~t Water samples were taken with a submersible pump or pumped through a hull fitting near
bow of the vessel at a 2-m depth. Salinity, temperature, and pCO2 of the pumped water were
inuously measured (Schemel and Dedini 1979a; Table 2). Salinity was measured with an in-

duction salinometer on the vessel. In situ temperatures were measured at the submersible pump

I d at the hull-fitting intake.
The pCO2 was estimated .by continuously equilibrating a circulating volume of air with the

sample-water flow and measuring the pCO2 of the dried air with an infrared analyzer (Broecker

Igd Takahashi 1966; Gordon and Park 1972). The accuracy of the method was tested by compar-
measured values with values calculated from discrete pH and alkalinity measurements. Results

compare within 6% (Table 3).
Discrete samples were collected for chlorophyll a, A, POC, and ~ ~ 3 C analyses. Chlorophyll a

determined by the spectrophotometric method described by Stricldand and Parsons (1972). A
determined by measuring the pH of a 50-ml filtered sample after addition of 0.010N HCL

(8trickland and Parson 1972). POC samples were collected on precombusted glass-fiber t~flters and

I TABLE 2. PRECISION AND ESTIMATED ACCURACY OF MEASUREMENTS.

¯ / Parameter Precision Estimated Accuracy

Salinity 5:0.01 °/oo -+0.05 °/oo

Temperature 5:0.1 °C +0.2°C

pCO2 5:0.3% of full scale 5:5% of value

Chlorophyll a 5:8% of value not estimated

Particulate organic 5:5/~M not estimated
carbon (approx. 5:20 #M C-literd )

Alkalinity 5:0.02 meq-liter-1 not estimated

~13C 5:0.2 °/oo not estimated
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~- TABLE 3. COMPARISON OF MEASURED AND CALCULATED pCO2.a

Date Salinity Calculated pCO2 Measured pCO2
(°/oo) (ppm) (ppm) (% of calculated)

04Mar76 26.3 502 532 106
09Mar76 29.8 432 434 100
10Mar76 29.0 445 442 99
30Mar76 28.5 514 536 104
18Mar76 13.2 596 617 104
23Mar76 4.5 703 672 96
25Mar76 4.4 651 645 99
24Aug76 30.0 730 689 94
26Aug76 30.1 639 655 103
31Aug76 4.4 948 910 96
02Sep76 5.1 818 831 102
21Sep76 30.5 1218 1212 100
23Sep76 32.5 757 753 99

~a The pCO2 was calculated fromdiscrete pH and alkalinity measurements using expressions for
the dissociation constants of carbonic and boric acids and the solubility of CO2 based on the
data of Bueh (1951), Lyman (1956), and Weiss (1974).

analyzed by a modification of the DOC method of Menzel and Vaccaro (1964; Schemel and
dini 1979b).

Water samples for ~ 13 C(~CO2) measurements were pressure-filtered (5 psi nitrogen) through
Whatman GF/C glass-fiber f’flters directly into 500-ml bottles, poisoned with 2 ml saturated HgC12
solution, sealed, and refrigerated. CO2 was extracted from acidified samples on a vacuum line.
POC for ~ t 3 C analyses was collected on precombusted GF/C glass-fiber filters and frozen.
surface sediment samples for 6 t z C(TOC) analyses were stored in plastic cups, refrigerated,
dried at 50°C. Carbonate was removed from POC and sediment samples by acidification
Samples were combusted in a vacuum line, and the CO~ was purified before isotopic
(method after Craig 1953; Degens 1969). The 13C/~2C ratio of the CO~ was measured with
15-cm, 60°-sector ratio mass spectrometer.

RESULTS AND DISCUSSION

Delta outflow was abnormally low during most of the study period (Fig. 4; Conomos 197
As a result, salinity was higher in the Bay, large segments of the Delta contained brackish
and the null zone (Peterson et al. 1975~; Arthur and Ball 1979; Conomos 1979)
Water replacement time in North Bay was probably abou~t 6 to 12 weeks, except in ffanuary E
a period of higher river flow, when water replacement time was about 3 weeks or less !
al. 1978). Because removal (flushing) of accumulated dissolved constituents from South
pends, in part, on the winter increase in Delta outflow (Conomos 1979), this flushing was
ly minimal between September 1976 and March 1977.

Our observations from North Bay are related to salinity; the inner estuary extends
confluence of the Sacramento and San Joaquin rivers to the region of mid-salinity
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I 1975’ 1976 ~ 1977

"~ME (t,’IONTHS)

Fig. 4. Mean monthly Delta outflow (m3"s"1) from Augtast 1975 through March 1977. Data
a IL Bureau of Reclamation.

)~=and the outer estuary extends from the mid-salinity region to the Golden Gate. Upstream

su~ments (termed river) refer to Sacramento River unless otherwise noted. Observations in

~ay are related to distance from the Golden Gate.

Distributions of Dissolved Inorganic Carbon in North Bay Waters

Ithough variable, the alkalinity of Delta outflow was about half that of sea water (Fig. 5).
a~atflow alkalinity was higher in March 1977 than March 1976, indicating a subtle but gener-
,crease in river-water alkalinity over the extended period of low outflow. The alkalinity distri-
o~n North Bay was near-conservative in March 1976 and 1977 and September 1977, which
eI th~at the alkalinities of Delta outflow and ocean water were relatively invariant for.at least
12 weeks, the time necessary for river water to mix through the estuary. Thus, for the put-

this discussion, we make the general assumption that Delta outflow and ocean water are
r contributors to the DIC distribution in North Bay and that the distribution would be

,ei~’ative if influenced by mixing alone. The net effects of other supply and removal processes
ati~n~g in North Bay might then be indicated by pCO2 or 81~C(~CO2) anomalies relative to
~Btive mixing of river and ocean waters.

p es ~ r C(CO~) analysis were taken in San Francisco Bay during March 1976
and September 1976 (Figs. 6, 7, 8), the only Gulf of the Farallones sampling occurred

1976 (Fig. 7). Marine values were observed in the Gulf of the Farallones, but val-
~ significantly lower at the Golden Gate even though salinity was only 1.4 % o lower in the

water. In addition, pCO2 was over 200 ppm higher at the Golden Gate than seaward.
~ t a C(~CO2) values (2- and 30-m depth) are about 2 % o less than predicted by con-

mixing of river and ocean waters, and suggest that about 10% of the ZCO2 is biogenic
processes which supply biogenic CO2, such as respiration and the mineralization of

are effective in influencing the DIC in even high-salinity water at the Golden Gate.

203

C--050109
C-050109



SAN FRANCISCO BAY

~- The 6t~C(~CO2) values at the Golden Gate were also lower than marine values in Marc
1976 and 1977; this may be typical of low Delta-outflow conditions. In normal years, when rive
flow is higher and water replacement time is shorter, the isotopic distribution may indicate a sma]J
er biogenic fraction or may even appear conservative. Although the dynamic nature of the source
and sinks are not illustrated by the near-conservative ~C02 distribution (Peterson 1979), isotopi
data suggest that biogenic CO~ produced within the estuary is exchanging with the DIC before
escapes to the atmosphere. If isotopic equilibrium exists between the DIC species, then there a~
two opposing effects to consider. Outgassing CO~ is isotopically lighter (more negative 61 ~ C) th~
the parent solution by about 9 °/oo (Mook et al. 1974), thus the 61~C of the residual solution
increased (eq. 5). However, the input of biogenic CO~, which is much lighter (approx. -20 to
% o) will more effectively decrease the
supply of biogenic CO2 is significant relative to the effect of outgassing. In addition, if isoto~

SAUCilY (%0)

S9
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!.0

o.o     I
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.~,....~.....~...,,..~.°.~.~-~!’..- "
sao~ ............ ~"’%" .....
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o,o     1 .. I    I . I    I I    I.
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(C) I    I    I    t    t    I    t
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\.~’" .............. ’~ ....
1.5 ~

1.0--

o.o I
0 5 I0     15      20 2~      30

SALINITY (°i0o)

Fig. 5. Alkalinity distributions in San Francisco Bay and the Gulf of the Farallones;
1976 (A), September 1976 (B), and March 1977 (C). Symbols: Sac, Sacramento River; Co.
fluence of Sacramento and San Joaquin rivers; GG, Golden Gate; SB, South Bay; GF, Gulf
Farallones; S J, San Joaquin River.
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70~-20 #M’liter"t CO2, if the.fi t 3 C of the biogenie carbon is -20 % o (eq. 5).
Chlorophyll a was less abundant and the effects of net photosynthesis were less apparent in

North Bay during September 1976 (Fig. 7).

Distributions of Dissolved Inorganic Carbon in South Bay

Salinity in South Bay normally decreases southward because of dilution by municipal waste
and local streams (Conomos 1979; Conomos et al. 1979). The effectiveness of these sources in in-
fluencing South-Bay water increases southward because the sectional volume of the basin decreases
southward and the degree of mixing with North Bay water probably decreases southward.

In contrast to North Bay, alkalinity typically increased with decreasing salinity in South Bay
(Fig. 5). South-Bay pCO~ was about two times the atmospheric level during March 1976 and 1977
and over three times the atmospheric level in the southernmost reach during September 1976 (Figs.
6, 7, 8). The ~ z 3 C(~CO~) typically decreased southward, indicating that the carbon source is bio-
genie. Analysis of waste water from the San Jose-Santa Clara water pollution control facility (Fig.
1), the major single source of municipal waste in South Bay, was 4.0 mM.liter"z ~COz with a
~tzC value of -13 % o (sampled November 1977). Thus, it appears that the abundance of DIC
in South Bay primarily relates to the increasing waste-enrichment of waters to the south.

$,~LINITf (°/oo) OISTAN¢.~ FROM GOUYEN

0 ,5 10 15 20 25 30 0 ]0 20 30 40 50 60 70

2     ~    ~    ~    ’    ’    ~    ~ "       (d] 7 SE~£MBER 1976                   -14

~ -4

~i

~

-20

~ -I0 6~3C (POC! -26 ~:,
-12 -28

1000
(c;’

(~

SAUN~TY (°/oo) DISTANCE FROM GOLDEN GATE (kin)

Fig. 7. Temperature (TEMP), salinity (SAL), chlorophyll a (CHL a), pCO~, particulate
ic carbon (POC), ~ 1 :~ C(~CO~), and ~ z 3 C(POC) in North Bay, and the Gulf of the
September 1976 (a, b, c) and South Bay, 7 September 1976 (d, e, f). Symbols: GG,
GF, Gulf of the Farallones. Estimated conservative mix distributions are indicated
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I SAUNIIY (O/oo) DISTANCE FROM GOLDEN GATE (krn)
0    5    10 15 20 25 30 ]0 20 30    40 ~0 60 70

2 (a) 30 MARCH I977 ’ (d) 29 MARCH 1977

-4 ¯~ -6 -22

~ -8 -24

% -lO
~I -12 -28

200 , ~
(b) (e)

I 150 40

I CHL

(c)                                (f)                           35
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Fig. 8. Temperature{TENP), s~ty (SAL),
g~ie c~bon (POC), ~C(NCO~), and ~C(POC) ~ North Bay, 30 Narch 1977 (a, b, c), and in

~t~ Bay, 19 March 1977 (d, e, f). Estimated conse~ati~e ~x ~tributions ~e indicated by
~ed ~es.

I I
10 20 30

9. Near-surface (2m) pCO2 in North Bay, 27 January 1976. Conservative mix distribu-
was estimated using the alkalinity and pCO2 values near the confluence of the Sacramento

~an Joaquin rivers and at a salinity of 27.3 % o.
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_     I       I      I       I       I       I      I
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Fig. 10.6x3C(POC) with respect to salinity in North Bay, 2 March 1976 (-o--), 9 Septe
her 1976 (--o--), and 30 March 1977 ( .....* ..... ). Estimated distributions are based on in Mtu ~
duction and dilution models.

Suspended Particulate Carbon and Sediment Organic Carbon
In North Bay, an estuarine circulation cell maintains a turbidity (suspended particle)m~

mum in the null zone (Arthur and Ball 1979; Conomos 1979). The phytoplankton maximum a’~
ciated with the null zone is maintained by advective transport and in situ phytoplankton prod
tion in this region of longer advective water-replacement time (Peterson et al. 1975a, b).

In general, POC abundance in North and South bays correlates well with chlorophyll a ab
dance (Figs. 6, 7, 8) indicating that phytoplankton production is an important source. Seaward
the river or apparent phytoplankton-POC sources in North Bay, concentrations de.crease, indi~
ing dilution and possibly deposition of POC. The 313 C(POC) is particularly useful in evalua~
the relative importance of processes and identifying major POC sources. Obselved 6 t ~ C(POC)
tributions in North Bay are related to theoretical distributions based on conservative dilution :
ward of the turbidity maximum and production by phytoplankton (Fig. 10). The distribution
suiting from dilution is a concave-upward curve (eq. 6) because of the high POC concentratio~
low salinity. The distribution which would result from in situ algal production alone is estimz
from the 6~C(2;CO~) distribution and an average photosynthetic fractionation of-19 °
The ~t zC(2;CO2) varies from -10 to +2 % o over the salinity range 0 to 35 % o, thus the estin
ed ~ 1 z C(POC) will Vary fro~ -29 to -17 °/oo.

In the outer estuary during March 1977, the ~ ~C(POC) maximum, coincident with p(
depletion and increased chlorophyll a and POC abundance, approached values predicted for in.
production (Fig. 10). An estimated 80 to 90% of the POC was produced locally (eq. 4). This"
not observed when phytoplankton were less abundant in September and March 1976. Then,
distributions appeared to be primarily the result of dilution, with possible contributions from
cally-resuspended bottom sediment.

The 6~C(POC) values in the river were 2 to 4 °/oo less than those of land plants (app~
-25 % o), indicating algal production (approx. -29 °/oo) was an important source during all
samplings. The values in the turbidity maximum were several % o higher than the values upstre
but were similar to the ~l ~ C(TOC) in the bottom sediment (Fig. 1 i). The observed values indit
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Ilessthan two-thirds of the POC in the maximum riverborneturbidity was (eq.4) therefore,
that the remainder was produced in the estuary or derived from resuspended sediments.

The spatial distribution of sediment ~ 1 ~ C(TOC) is consistent with known sources of carbon

lin the Bay. Riverine carbon dominates the region landward of the null zone, and seaward there is a
near-linear ~x ~ increase with distance to marine carbon values in the Gulf of the Farallones (Fig.
11). The 813C(T.OC) in bottom sediments is more negative than the ~x3C(POC) observed in the

jo~
ater column in both North and South bays. This can be interpreted as a larger fraction of land-
ant carbon in the sediments, reflecting deposition predominantly during periods of high Delta

utflow. Alternatively, selective preservation and isotopic fractionation effects related to decom-

jaOSition could account for the low sediment values (Degens et al. 1968; Eadie and Jeffrey 1973).
The value in sediment 16 krn seaward of Golden Gate (-21.2 % o) is within the range of mid-

titude marine POC, indicating that less than 10% of the carbon in these sediments is land derived.
If this offshore carbon is considered as a mixture of three sources (marine, land-derived, and estua-

r ne phytoplankton), then the fraction of land-derived carbon is probably even smaller.
In South Bay, local sources of riverbome sediments are small and suspended particle concen-

trations are probably controlled by wind-driven resuspension of bottom sediment and phytoplank-
mton ~during most of the year (Conomos and Peterson 1977; Schemel and Dedini 1979b). During
~nter, Delta-derived low-salinity water, a source of suspended particulate matter, often penetrates
m~South Bay (Conomos 1979). The apparent sources of suspended particulate matter predict that

South Bay POC is a time-variable mixture of these carbon sources. In general, its carbon4sotope

IoOmposition (-22 to -25 °/oo) is close to that predicted for in situ phytoplankton production (-18
-24 °/oo) and resuspended bottom sediment (about -24 °/oo; Fig. 11). In March 1976 mid-Bay

values were highest, possibly because of phytoplankton production. In September 1976 levels were

~west, perhaps indicating a component of land-derived POC. The March 1977 values were similar
those for bottom sediment and were between those of the two previous surveys, and suggest

at the increased POC abundance observed southward during March 1977 (Fig. 8) was the result
of bottom-sediment resuspension rather than in situ production.

Bottom-sediment values are apparently time and source integrated. In spite of abundant
outh Bay tidal and marsh areas, detritus originating from Spartina marsh grass (8 ~ a C, approx. -13

°/oo) was not identifiable as an important carbon source.

¯ ............4 AUGOS~" 1973 --

DISTANCE FROM GOL0£N GATE (kin)

Fig. 11. ~ t 3 C(POC) and ~ 13 C(TOC) in San Francisco Bay and the Gul~ of the Farallones as
distance ~rom the Golden Gate.
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SUMMARY

Although our results are insufficient to def’me seasonal variations or describe details of the
carbon cycle and fluxes through the estuary, they do substantiate the importance of some process-
es, sources, and sinks in the Bay. Respiration and mineralization in the water and sediments are im-
portant sources of inorganic carbon, and plant production and atmospheric outgassing remove sig-
nificant amounts of inorganic carbon. Municipal waste effluent is an apparent source of biogenic
carbon in South Bay. The Bay is a trap for riverine POC, whereas marine algae constitute most of
the sediment-associated TOC seaward of the Golden Gate.
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THE USE OF RADON-222 TO ESTIMATE BENTHIC EXCHANGE
AND ATMOSPHERIC EXCHANGE RATES IN SAN FRANCISCO BAY

DOUGLAS E. HAMMOND AND CHRISTOPHER FULLER
Department of Geological Sciences, University of Southern California

Los Angeles, California 90007

Using a slurry technique, measurements of radon-222/radium-226 in San Fran-
cisco Bay sediments range from 0.3 to equilibrium. Radon deficiency generally de-
creases with increasing depth. A small deficiency may exist as deep as 40 cm in
some cases. This deficiency is attributed primarily to irrigation of sediments by
polychaete worms. If irrigation is modeled as an advective process, an irrigation rate
of 3 cm-d-x is calculated as a lower limit at a station in South Bay in August 1976.
Using this model and nutrient measurements in interstitial waters, fluxes across the
sediment-water interface for ~CO2, NH4+, PO~t3, and SiO2 are calculated to be 40,
4, 0.03, and 6 mmol-m’2-d"I at this station. The flux of radon across the sediment-
water interface is estimated to be 200-+70 atoms.m"2"s"1 on the basis of integrated
radon deficiencies and benthic flux chamber measurements.

Simultaneous measurements of radon and wind speed in July 1977 suggest that
flow-induced turbulence, rather than wind speed, is the primary factor controlling
gas exchange across the air-water interface. From a radon mass balance, the mass
transfer coefficient for radon across this interface is calculated to be 1.0-+0.5
m’d"x . Using this information, a vertical mixing coefficient in the water column of
S°uth BaY is calculated t° be greater than 1 x 10"2 cm’s’~ ’ indicating the water
column mixes more rapidly than once in 12 h. The volume transport of sand bed-
f°rms in Central Bay is estimated t° be 8 x 106 m3"d’l"

The distribution of chemical and biological properties in estuarine waters and sediments is
strongly influenced by physical processes, including turbulent mixing and exchanges across the
sediment-water and air-water interfaces. Unfortunately, the rates of these p~ocesses are often
difficult to estimate. Extrapolation of laboratory experiments to field conditions may introduce
major sealing errors, and field measurements using introduced tracers are difficult to do in large
,~ystems. One solution to these problems is to model the distribution of naturally-occurring tracers
I ta terms of these physical processes. This paper discusses preliminary results of the use of naturally-

radon-222 to estimate the rate of vertical mixing in the water column and the rate of ex-
across the sediment-water and air-water interfaces in San Francisco Bay.

The use of this isotope in marine systems was first proposed by Broecker (1965), and it has
been used in estuarine systems to study exchange across the sediment-water interface

al. 1977).
o Radon is a noble gas with a 4-day half-life. It is produced primarily in sediments by the decay

(Fig. 1). A fraction of the radon which is produced in sediments will escape to the
water column, leaving a deficiency in sediments, so that the activity ratio of radon to

is less than one. This deficiency is a measure of the rate of exchange across the sediment-
interface. Once radon is in the water column, it is mixed vertically and will either decay
or escape to the atmosphere. In a steady state system, the depth-integrated radon deficiency

(in activity units) must equal the radon flux (in atoms per area time) across the
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ESTUARINE RADON

ATMOSPHERE  sio.
R.---,

WATERCOLUMN Decny

,_.,

i Input                 Rn --~

SEDIMENT

]Fig. 1. Radon transport in estu~ies. Yertical prot~[es of radon in the water coiumn an~
sediments a~e shown schematicaity. The shaded a~eas are integrated excess in the water co1~
=nd inte~ated deficiency in sediments.

sedLment-water interface. It must also equal the depth-integrated decay rate of exc=ss (unsup;
ed by decay of dissolved or suspended radium) radon in the water column plus the flux acros.,
air-water interface.

ANALYTICAL TECHNIQUES

Measurements of radon in the water colunm were made using teelmiques describe
Broeeker (1965) and Mathieu (1977). Briefly, this involves collection of a 20-liter water sam]
an evacuated bottle, extraction of radon onto activated charcoal at dry-ice temperatures
helium carrier, and (alpha) counting radon and its two polonium daughters in a phosphored
bet. Measurements on samples from flux chambers were done on 2-1iter samples. Analytical
sion is about 5%.

Measurements in sediments were made by collecting gravity cores (5-cm ID), extrudin~
sections, adding these to 100 ml of estuary water to create a slurry, and purging to measure
as described by Hammond et al. (1977). These analyses were nearly always completed wit?
hours of sample collection. The supported radon in sediments (referred to as radium) wa
sured by storing the slurry for i-4 weeks and extracting the new crop of radon which ha,
produced. Radium analyses were repeated until the standard deviation in this parameter
than 5%. Key et -al. (1977) have noted that there may be a problem with using the slurry tec
to measure supported radon in deep sea sediments. They Fred that measurements of suppo
don at depth are consistently 10-20% greater than the initial measurements. ~hey attribute
the physical process of creating a slurry but do not elucidate the mechanism. Our labora~
observed a similar effect for marine sediments from basins in the southern California bord,
but with muds from San Francisco Bay (Table 1) and from the Hudson River Estuary (Ha
et al. 1977), equilibrium ratios of radon and supported radon have been observed at depth.

It is possible that a problem may arise due to the 0.086 MeV recoil energy received
don atom as radium-226 decays. Extrapolating range-energy relations for fission fragmen~,
minum (Friedlander et al. 1964:100) to low energy suggests the range should be ab~
mg-cm"2, equivalent to 800~ in a sRicate phase or 2000.a, in water. Assuming sediment
cubic with an edge of length r, the .distance between grains arranged in a primitive cubic
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TABLE I. IN SAN FRANCISCO BAY SEDIMENT CORESRADON/RADIUM

Station Date Interval Radium-226 Rn/Ra Integrated
Number (cm) dpm-g-I dpm’cm"3 Deficiencya

28C 8-09-76 0- 2 0.23 0.17 0.33
2- 4 0.17 0.22 0.25
4- 6 0.24 0.18 0.71
6-8 0.30 0.19 0.66

12-14 0.18 0.19 0.83 t163
3-07-77 O- 2 0.24 0.22 0.31

3- 4 0.31 0.32 0.43
4- 6 0.28 0.22 0.66
6-8 0.26 0.24 0.61 ~’175

7-12-77        0-3 0.20 0.15 0.25
3- 6 0.25 0.18 0.49
6-9 0.28 0.23 0.42
9-12 0.14 0.20 0.79 ~’188

10-19-78 O- 3 0.23 0.20 0.46
3- 6 0.24 0.20 0.85
6- 9 0.25 0.20 0.89

12-15 0.23 0.20 0.82
21-24 0.24 0.21 0.86 "~138

1.5- 3 0.30 0.23 0.78
3- 4.5 0.27 0.23 0.75

4.5- 6 0.30 0.26 0.81
6-8 0.24 0.26 0.84 ~ 92

28 10-22-77 O- 3 0.29 0.22 0.58
3- 6 0.30 0.21 0.33
6-9 0.30 0.20 0.59

12-15 0.25 0.19 0.83
17-20 0.30 0.18 0.92 ,209

12-12-77 O- 3 0.19 0.52
3- 6 0.22 0.88
6- 9 0.22 1.12

18-21 0.24 0.97
51-54 0.27 1.15

12-12-77" O- 3 0.20 0.59
6- 9 0.20 0.96

18-21 0.26 0.87
27-30 0.25 0.98
42-45 0.23 1.38
51-54 0.28 1.00

12-14-77 O- 3 0.23 0.60
3- 6 0.23 0.92
6- 9 0.22 0.98

24-27 0.22 0.93¯ 39-42 0.23 0.93
~ 12-14-77 15-18 0.20 ¯ 0.82

24-27 0.23 1.00
33-36 0.24 0.90

~ 42-45 0.25 1.10
60-63 0.24 1.03
78-81 0.25 1.00 177

a Integrated deficiency of radon (atoms-m"~.s-I ).
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R = 2r[(l~b)’l/3-1] where ~) is sediment porosity. Typical values for r and ~b in San Francisco B
are 6 #m and 0.7, so that R = 6 ttm or 30 times the recoil range. In deep sea sediments we mi
choose 3/~m and 0.5 so that R = 1.5 #m or 8 times the recoil range. To rigorously calculate
change in the probability of recoil from one grain to another would require data on the positi
of radium in sediment grains and the statistical variation in grain spacing before and after tl
slurry is created. The calculation above shows that radon recoil may cause problems in measu~
emanation from low but should not beproblem for estuari.Free-grained, porositysediments,
sediments. Thus the slurry technique should be satisfactory for measuring supported radon
these sediments.

On 9 August 1976, duplicate gravity cores were collected at station 28C. One core v
sectioned for radon, the second was sectioned and squeezed to obtain interstitial water. Secti(
were squeezed at room temperature (about 5°C above in situ) in Reeburgh (1967) squeezers w
water passing through a fiber Falter (Whatman #42) and an 0:45/~m Nucleopore f’dter. Since o:
two squeezers were available and sediment permeability was low, squeezing was not comple
until 2 days after the core was collected. The core was stored in its liner during this operation ~
a fresh horizon was exposed prior to loading each sample. The initial 4-5 cm3 of water was disc;
ed, then 3 cm3 was taken for nutrient analysis, 1 cm3 for ZCO2, and a second 5-em~ aliquot
nutrient analysis. ~CO2 analyses were performed on 12 August 1976 using a Swinnerton strit
and gas chromatograph. The precision of these analyses is 3%. Nutrient samples were refriger;
for one week and diluted aliquots were analyzed with a Technicon AutoAnalyzer. Despite
storage time, analyses of the two aliquots for nutrients generally agreed within 5% for SiO2
NI-I4÷, and within 10% for PO4-~.

Fluxes of radon and nutrients from sediments were measured directly by using benthic.
chambers. These chambers were inverted boxes made of plexiglass (25 cmx 25 cmx 15 cm).~
were deployed by divers so that the lower 5 cm was below the sediment surface, leaving 1(
above the surface. Boxes were sampled immediately and at 1-day intervals after deploy.,
through a nylon tube extending to the surface. Occasionally they were sampled 4-6 h after de
merit, but changes in nutrients and radon over this period were generally too small to me
accurately. Fresh water was introduced during the sampling by inflow through a check va"
the sample was withdrawn. Measurements on samples drawn from the box were corrected fc
inflow by assuming that the inflowing water mixes rapidly with the box water. Chambers
equipped with several types of devices intended to transmit turbulence mechanically fron"
currents to the enclosed water, but observation by divers indicated that these were not succ
Oxygen analyses on a separate aliquot were done by Winlder titration (Carpenter 1965).

RESULTS AND DISCUSSION

Radon in Sediments

To demonstrate the validity of the slurry technique, duplicate cores were collected ~
tioned on each of 2 days at station 28 in South San Francisco Bay(Fig. 2). The activity r:
radon to radium observed in surface samples of these cores are quite consistent and the r
proaches equilibrium in the 9-12 cm interval (Fig. 3). Below that interval there seems to"
ficiency of a few percent down to about 40 era, and below that, samples are in equilibri~
high value at 42-45 em is unexplained. This radon analysi..s was done 2 days after collect
any analytical error in radon would be increased by 20% in the decay corrections. It is cle
ever, that the deficiency is largest in surface sediments, that it may extend well below the s~
water interface, and that equilibrium values can be found with this technique.
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Fig. 2. Location map of San Francisco Bay showing standard U.S.G.S. stations and other sta-
tions described in the text.

The data from station 28C (Fig. 2) in a shallow-water (mean depth = 2 m) area in South Bay,
~how some variation in the supported radon as a function of depth (Fig. 4). The largest source of
this error was probably the length of the extruded section. To remove this variation, the radon/ra-.
d~urn activity ratio was multiplied by the average radium to yield the values plotted in the figure.
~h~ deficiency generally decreases with increasing depth, although some deep minima are observed.

depth of this deficient zone is uncertain because equilibrium samples were not obtained. Data
through the year at station 28C and 27 or 28 are listed in Table 1. Integrated deficiencies

although these are usually lower limits.

Nutrients in Interstitial Waters

water data from the duplicate core collected in August 1976 show that all nutri-
have small concentration gradients in the upper 6 cm and much larger gradients below

5). ~CO2 shows a small but significant minimum at 3-6 cm. The upper zone correlates
the zone which is quite deficient in radon. Similar profiles have been observed in cores
site during other seasons and at other locations (Korosec in press).
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RADON/RADIUM
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I I I ~
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Fig. 3. Radon/Radium vs. Depth at Station 28. The dashed line indicates secular equilib~
Data to the left of the line indicate radon deficiency.

RADON (dpm/cc) AT STATION 28C

0.1    02      0.1     0.2.          0.1    0.2        O.I    0.2,,

8-9-76 5-7 -77 7-12-77 10-19-77

40                                                                          .~.,

Fig. 4. Radon vs. Depth at Station 28C. Solid lines represent secular equilibrium anc
areas show deficient zone. This zone may extend below the deepest samples.
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I :~COz (raM) NH4* (.uM) PO~.3
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Fig. 5. Interstitial water chemistry at Station 28C. See text for explanation.

i Processes which dissolved interstitial and the sedi-transport species through waters across
iment-water interface include molecular diffusion (Hammond et al. 1977), irrigation of sediments

i
bY benthic organisms (Aller and Yingst 1978) and physical stirring of sediments by wind waves
and tidal currents (Krone 1979). Molecular diffusion alone would create a radon deficiency in
:sediments which decreases exponentially with increasing depth (Hammond et al. 1977). The half-
distance of this profile would be about 2 cm. It is clear from the data (Figs. 3, 4, 5) that at least
0he other mechanism must be important. Physical stirring would create a radon deficiency which
decreases monotonically with depth, yet profdes (Figs. 3, 4) are not always monotonic. This sug-
gests that irrigation may be important.

South Bay sediments are inhabited by a number of benthic species which can irrigate sedi-
ments as they construct or move about in their burrows. Cores collected at station 28C were al-
ways found to contain live specimens ofAsychis elongata, a large polychaete which builds thick-

Il Walled tubes (’~ 3-5 mm ID [see Nichols 1979] ); and cores from stations 27 and 28 were always
found to contain live specimens of Heteromastis filiformis, a smaller polychaete which builds nar-
rower (’~ 2-4 mm ID) soft-walled burrows. These burrows were observed at the sediment-water
interface and were often found during sectioning to be open to 40°50 cm in the core. Live worms
have also been found close to these depths. Radiographs of cores show worm burrow densities
which are typically 0.5-1 burrows’cm"2 of sediment surface (Korosec in press). Irrigation can en-

the flux of dissolved species across the sediment-water interface and can also produce mini-
ma in profiles of dissolved nutrients in interstitial water (Goldhaber et al. 1977). The observations
tbove suggest that irrigation may be of major importance in these sediments ao.d that the poly-

worms are the primary perpetrators, although other unidentified species may also be impor-
stirring of surface sediments by currents may be occurring, but the surface of these

is fairly cohesive and this process is probably not important below the upper 2 era, if at
any effects of current stirring cannot be distinguished from infaunal irrigation with the
discussed here, any effects of this process will be attributed to irrigation.

Past work on interstitial water chemistry has usually treated irrigation as a diffusive process
Goldhaber et al. 1977). A coefficient of eddy diffusion can be calculated for a substance in

zone by multiplying the molecular diffusivity times the ratio of the gradient in a deep
to the gradient in the irrigated zone. The coefficient determined for one substance

e applied to other substances.
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~- 3~his type of model would not produce a minimum in ~CO2, however~ A more appropriate
model might be an advective pumping model in which worm tubes are a conduit for overlying
water to be pumped into the sediments. A minimum in ZCO2 or radon could be produced by ~
localized input. A similar model has been proposed by McCaffrey et al. (in prep.).

In this model (Fig. 6), the sediments can be divided into irrigation zones defined by the step.
wise structure of the radon profde. Each zone is assumed to be well mixed. The upper zonc

WORM PUMPING MODEL

OVERLYING WATER (CO) |[~~r~ "1 ’ "~ ,~

ZONE I: PUMPING (CI )
~ hi

ZONE 2:PUMPING (C2)

ZONE 3:NO PUMPING

Fig. 6. Worm Pumping Model. The advective flux across the interface is (Q1 + Q2) (C1 - C
where Q is the flow rate and C is the concentrat2on in each zone.

receives flow Q~ directly from the overlying water and Q~ from the underlying zone. Assumi
radon in the water column to be negligible, the radon balance for zone 2 is:

Production = Loss
Ph=A = Q2C~ + Xh2AC2 +J2A

where C= = radon concentration in Zone 2 (atoms-vol"~)

hz = thickness of Zone 2
A = area
P = production rate of radon from radium per unit volume

X = decay constant for radon

J= = net loss by molecular diffusion from Zone 2 per unit area
The balance for Zone 1 is:

Ph~A +Q2C2 =(Q1 +Q2)Cl + XhIAC~

where the subscripted symbols are analogous to those above. These equations can be rearrang~
that:

vC~ =D’J’D
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Iwhere D = P(ht + h2)- X (h~C:z + htC1)

= integrated radon deficiency

v = (Qa +
= irrigation velocity in upper zone

irhus irrigation velocities can be calculated from radon, and fluxes of nutrients due to irrigation
can be estimated.

i Two problems are encountered in using this approach with our data (Fig. 5). The lower limit
f radon deficiency was not reached, thus the calculation will yield a lower limit for v. Also, the

net diffusive flux cannot be directly evaluated from these data. If the sample immediately below:ose collected had an equilibrium amount of radon, the diffusive flux into the irrigated zone

m below would approximately equal the diffusive flux across the interface. Thus JD would be
ady zero because the gradients would be quite similar. If the sample immediately below was

deficient, JD would increase, but so would D. Thus, the major error will arise in the value used
¯ ~or D, and v will be a lower limit. Def’ming 0-4 cm as Zone 1 on the basis of radon, taking D =

| 63 atoms’m’2"sq, 3D = 0, and C~ =5 x 10s atoms-m"3 (Table 1) thus.yields v = 3 x 10"Tm-s"1
~ 3 cm-d"1. This is the same order of magnitude as the value of 0.7 + 0.4 cm-d"1 obse~ced by

I cCaffrey et al (in prep.) in laboratory measurements on Narrangansett Bay cores.
The fluxes of dissolved nutrients due to irrigation can now be estimated from the expression:

Flux = v (C~ - Co)

lhere Co is the concentration in the overlying water column. These fluxes are listed in Table 2 and

are an order of magnitude greater than fluxes which can be attributed to molecular diffusion
.~aOrOSeC in press). An additional source of uncertainty is introduced in these calculations because

ter column measurements were not made simultaneously with the core collection. This could be

TABLE 2. CALCULATION OF NUTRIENT FLUXES

i FROM INTERSTITIAL WATERSa

Dissolved C1 ~M)b Co (gM)c F(mmol.m-~ .d-~ )d
Nutrient

~CO~ 3840 2400 40
: NH4+ 129 6 4

PO4-3 13.5 12.5 0.03
SiO2 315 110 6

a Data collected at station 28C on 9 August 1976
b Weighted average of analyses from 0-4 em
c Values typical for this season
d Lower limit, assumes v = 3 cm.d-I

~roblem for PO4"3, but not other species. Despite the uncertainties, these estimates should
within a factor of two. The importance of these fluxes in ~he nutrient balance of the

is discussed by Korosec (in press), Peterson (1979) and Conomos et al. (1979).
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Flux Chambers

The depth-integrated radon deficiency in sediments must equal the flux across the sedimen(
water interface. This flux was directly measured by placing inverted plexiglass boxes on the sed!
ments and measuring the change in radon. Some difficulties were encountered in sampling as it w~
difficult to avoid pulling the boxes up by the tubing while sampling on choppy and windy day:
About 50% of the deployments were successful and these results are listed in Table 3. Each flu
represents a one-day experiment. In one case (box 1, October) the box was left in place for
second day. Substantial variability exists within the experiments at a single station and thus t~
apparent differences between July and October and between 28C and 28E may not be significan
These measurements can be criticized for two reasons. The failure of the stirring devices to tra~
mit turbulence effectively may allow gradients to build near the interface, reducing fluxes. Als
oxygen in the boxes dropped to nearly zero after one day and this may have reduced irrigation.
either case, these results should represent a lower limit. It is interesting to note that they are with
a factor of two of the integrated deficiencies in Table 1. The box experiments and the integrat

TABLE 3. RADON FLUXES ACROSS THE SEDIMENT-WATER INTERFACE
MEASURED 1N SITU WITH BENTHIC CHAMBERS

Station Sampling Box (atoms-m"2 .s"1 )
period

28C July 1977 I 143
2 123

28C October 1977 I 198a

280
3 167
4 303
1 296

28E October 1977 5 127

a Mean value of the five observations for station 28C dua-ing October, 1977:249 + 66.

deficiencies suggest that the flux of radon from South Bay sediments is about 200 ~-
atoms-m"2-s"1. Molecular diffusion alone would supply radon at a rate:

l = ¢--~sP

where Ds is the effective diffusivity (Hammond et al. 1977). This would be equal to abo~
atoms-m’~-s"x at 15°C, or 40% of the observed flux.

Water Column Analyses

If the rate at which radon escapes to the atmosphere could be predicted, the flux of
across the sediment-water interface could be obtained by constructing a mass balance for ra~
the water column. Thee transects have been made along the Bay axis from station 30 to Rio
to collect samples from the water column. All three were similar and one of these is p
(Fig. 7) to illustrate the uniformity of the distribution. To a first approximation, radon i~
mixed vertically and along the estuary axis. While some variations appear, these are not con
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~ BAY ~ ~
k BAY ~"

~ 1.0 o o

0

~ ~EP

KM. FROM ~ VISTA

~d d~p-wat~ samplos w~ usury 6-12 m in d~pth.

’~surements have been s~ar to ch~nel measurements, ~ou~ s~ples co~ected ~ sh~ow
~(<1 m) water ~ 200~00 m of shore may have concentra~ons t~ce ~ose in ch~el s~ples.

~ ~e absence of si~ific~t ho~zont~ gradients, a box model for ~e water col~n c~ be con-
Istmcted w~ch i~ores ho~zont~ tr~spo~. Ground-water c~ ~so be ignored because ~e ratio

of water ~ea to recharge area is large. ~e radon budget for Sou~ Bay is computed ~ Table 4.

~e decay rate is found by mdfiply~g ~e average water column concentration by ~e me~
ep~. Estates of radon fl~ to ~e atmosphere (evasion) are based on ~e sta~t ~ model

for g~ exch~ge (Broecker ~d Peng 1974). ~s model ~sumes that f~ ~c~ess controls ex-

i
ch~ge rates ~d ~ empific~ relation between exch~ge rates ~d ~nd speed developed by
Brae=on (1975) c~ be used to est~ate ~r-water exch~ge rates. Ra~-226 accounts for ~e in-
put from ~ssolved ~d suspended radium. The ~put from se~ents is used to b~ce ~e budget.

If ~e ~d speed-F~ ~c~ess model is correct, a subst~ti~y larger radon fl~ from sedi-
~l, men~ is required dung periods of ~ ~nd ~ dung periods of low ~nd. Conomos ~d
~Petemon (1977) have sho~ ~at ~ ~ds create waves w~ch resuspend surfici~ se~ents, but

~ is equiv~ent to a se~ent ~c~ess of o~y a few ~etem. About 5 cm must be ~sturbed
to supply ~e extra flux, ~d ~e presence of stable ben~c communities in surface sed~en~
~ests ~s does not occur. It is ~so ~ely ~at ~e fl~ difference ~ Table 4 wodd be due

a Sfference ~ irrigation because March ~d J~ua~ have s~ar temperatures ~d are Hkely
/ ~ have s~ar ben~c acti~ty. It seems more Hkely that ~e c~c~afion of exch~ge rates from

~one may not be satisfacto~.
To test tUs problem, a s~p~g station was set up on ~e end of ~e S~ Marco fis~g pier,

¯ e edge of ~e deep ch~nel in Sou~ Bay, about 1.5 ~ from shore. Surface s~ples were
at appro~ately 1.5-h ~te~s over a 2-day pe~od (Fig. 8). The average (~ la) of 29

was 1.17 ¯ 0.10 dpm-~ter-~. W~d speed was measured at ~e S~ Fr~cisco Intemation~
~e Nation~ Wea~er Se~ce ~d ~so ~ a h~d-held ~tegrat~g ~emometer (Taylor

Co.) at ~e end of ~e pier about 5 m above ~e water surface. The ~d me~uremen~ are in
~ou~ ~e pier measurements ~e a little lower dung ~e fi~st day. T~s may be

a f~ure of ~e pier sitters to orient ~e ~emometer properly or to keep it well away from
on ~e pier. At ~ wind speeds, gusts made it ~fficMt to me~ure speed accurately

pier. The solid ~e ~ Fibre 8 was chosen to represent ~e data. The large ~um~ variation
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TABLE 4. RADON BUDGET AND ENVIRONMENTAL PARAMETERS
FOR SOUTH BAY WATER COLUMN

Date 29-31 Jan 1976 8-11 Aug 1976 7-11 Mar 1976

Environmental Parameters
T (°C) 10 24 15
Wind (m’s"1 ) 1.5 5 4.5
Film thickness (#) 500 75 100
Avg. radon (dpm-liter"l ) 1.49+-0.32 1.27+-0.22 1.29+- 0.18
No. samples 10 18 25

t~udget (atoms’rn-2.s-~ )

Losses
Decay 99+21 85+-15 86+12
Evasion 24+-12 187-+93 122+-61

Inputs
226 Ra decay 7+-3 7+3 7+-3
From sedimenta 116+-24 265+-94 201 +-62

a Input from sediment zequked to balance inputs and losses.

in wind speed during the summer is normal (Conomos 1979). If the flux of radon from sedime
is uniform, vertical and horizontal mixing are rapid, and wind speed is the only factor control]
gas exchange, radon in tile water column should reflect the diurnal wind variation. In this c~
concentration should follow the solid line labeled "model" (Fig. 8). The major features of
mode! curve are the first minimum and the second maximum. These features should be pres
because of the large contrast in exchange rates between high wind speed and low wind speed in
model, but neither feature is apparent in the data. Thus, gas exchange in estuarine waters does
seem to be controlled by wind speed alone.

The gas exchange rate per unit area is characterized by a mass transfer coefficient k wJ
has units of velocity:

k = datm[(Cw-Catm)

where datm = gas flux/area to the atmosphere

Cw = concentration in the water column

Catm= concentration in water when equilibrated with the atmosphere.

O’Connor and Dobbins (1958) have suggested that flow-generated turbulence may be import~
controlling gas exchange rates. On the basis of turbulent velocity fluctuations and scale
vertical eddies, they proposed that the mass transfer coefficient for gas exchange in stream
rivers is approximately:

k = (Dn~/h)%

where Dm = molecular diffusivity

¥ = average current velocity

h = water depth
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I TABLE 5. CALCULATION OF SOUTH BAY GAS EXCHANGE RATE

IN OCTOBER 1977

i Radon Budget in Water Column (atoms.m-2.s-1 )
Average Input 200Excess Decay

94
Evasi°na 106

I Mass Transfer Coefficient (m-d-1 )
Radon                                               1.0+0.5

I O’Connor-Dobbins 1.3

a Flux to atmosphere required to balance input and decay.

i
Applying this model to South San Francisco Bay, we obtain k = 1.3 m.dq.

The average rate of exchange in October can be calculated by constructing a mass balance
for radon in the water column (Table 5). The influx across the sediment-water interface was pre-
viously shown to be about 200+70 atoms.m-~.s-~. The depth-integrated decay rate is calculated

i 1.6
8-10 JULY 1977

I 1.4-

~-~

0.8

16... , , ,         ’ ’ , , ,
A AIRPORT

4

0 ’ I                                      ~ ~ I1800 0600 1800 0600 1800
HOUR OF DAY

Fig. 8. Radon and wind speed. Data were obtained at the end of the San Marco fishing pier
1). The lower solid line is the average wind speed, the upper solid line is radon expected in the
reolumn. The model curve was calculated assuming a constant decay rate in the water column,

sediments, and a gas exchange rate which depends on wind speed. Bars show
3n analyses.
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~’from the measured concentration in the water column and the mean depth (4 m). The budge~
balanced by evasion to the atmosphere which requires k = 1.0+0.5 m’d"~, remarkably close
the O’Connor-Dobbins prediction.

The diurnal field data (Fig. 8) indicate that the gas exchange rate is not closely tied to wi
speed, but it is interesting to note that if an average wind speed of 4-6 m-s"1 at 10 m above 1
water surface (the October conditions) is used with the Emerson (1975) wind speed-f’tim thickn
relation, the mass transfer coefficient would be 1.5-2.0 m.d"t, fortuitously close to the estim
from the radon mass balance. While the data presented here suggested that gas exchange in est
fine waters is not controlled by wind speed alone, it may play some role. The O’Connor-Dobl:
model predicts an exchange rate close to the radon mass balance estimate, but since gas excha
has not been measured over a range of current speeds, the validity of this model cannot be pro!
ly assessed from these data. It is clear that further work must be done to elucidate the mechani:
which control gas exchange.

Taking the average mass transfer.coefficient to be 1.0 m-d-t, radon budgets can be calcub
for different areas of the Bay (Table 6). The difference between fluxes from South Bay and
Pablo Bay sediments may reflect a difference in benthic irrigation. San Pablo Bay has lower dc
ties of these species of deep dwelling polychaetes than South Bay, perhaps because salinity w
tions are much larger.

The large flux from Central Bay sediments may be due to physical stirring of the sandy ,’
ments by bed-form migration. This does not occur in the f’me.grained sediments of South Bay
San Pablo Bay. The remainder of these sediments are medium to coarse sands and would nee
supply 445 atoms.m-~ .s"~ to balance the water column budget. Unfortunately, it is difficult to
leer cores in sand and no measurements of radon deficiency have been made in these. Rubin
McCulloch (1979) have shown that sand waves migrate on the Bay floor. Sandy sediments pro.
radon at a rate of about 1000 atoms’m"s’s"t. Thus, about 40 cm of sand must be continuously
red to supply the required flux. Alternatively, it may be erosion of bedforms which supplies ra
Assuming sandy sediments t6 be in secular equilibrium, containing 5 x 108 atoms.m"z, the ra
erosion must be about 8 cm-d"t averaged over the sandy portion. Taking this area to be 100 ]
the volume transport of bedforms should be about 8 x 106 m~-d"1.

TABLE 6. RADON BUDGETS FOR REGIONS IN SAN FRANCISCO
BAY (WATER COLUMN)a

South Bay Central Bay San Pablo Bay

Mean+ lo(dpm’liter"t ) 1.32+.24 1.07_+. 19 0.90_+.26
Number of samples 52 22 17
Mean depth (m) 4 14 4

Losses (atoms-m-~ -s"~ ).
Decay 88 250 60
Evasion 123 100 ~4

Inputs
Ra~ ~ 6 Decay 7 25 7
From Sedimentsb 205 325 137

a Based on January, March, and August transects. South Bay includes USGS Sta No. 21-30, Cent
includes Sta No. 17-20, San Pablo Bay includes Sta No. 11-15 (Fig. 2).

b Required to balance inputs and losses.
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Vertical in the Water ColumnMixing

Surface and deep samples have been collected at 13 stations. The median of top to bottom

I radon concentration ratios is 1.01, demonstrating that vertical gradients are small. The absence of
these vertical gradients can be used to estimate a lower limit for the rate of vertical mixing in
South Bay. These estimates can be made by constructing a two-box model (Fig. 9) which divides
the water column into a well-mixed surface box of mean thickness hi which exchanges with the

I atmosphere and with a fraction of the sediments, and a well-mixed lower box of mean thickness
h2 which exchanges with the remainder of the sediments. Exchange between the two boxes is
characterized by a mixing coefficient K12 and exchange between the upper box and the atmos-

I phere is characterized by a mass transfer coefficient Ka. Both K12 and Ka have units of velocity.

TWO BOX MODEL FOR
VERTICAL MIXING

Fig. 9. Two-box model for vertical mixing. See text for explanation.

Input of radon from a unit area of sediment (3") is taken to be constant. The areal fraction of the
estuary which is less deep than hi is ft, the fraction which is deeper than h~ is 1-f~. Assuming a

II
steady state, the mass balance for radon over a unit area in the upper box requires that:

Inthe lower box:                      J =

equations can be solved to calculate the ratio C~ [C2 in terms of the geometrical characteris-

~of the system (h 1, h2, f~), and the transport coefficients (K~, Ka 2). A hypsographie curve for
,.. 0uth Bay shows that about half the area is quite shallow (<2 m at mid tide) and half the area is a

deep channel (Conomos and Peterson 1977). The mean depth of South Bay is 4 m.
h~=2 m, h2=4 m, fi=0.50, and Ka=0.8 m-d-1, the ratio of C~]C2 can be calculated in

of K1 z (Fig. 10). Field data indicate that C1 [C2 is certainly greater than 0.9 so K12 must be
than 10-2 cm-s"1. The model residence time of water in the lower box before it enters the
box is h2/K12.<4xlO4 or less than 12 h. If the two boxes were separated by a halocline
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,.~_

hl=2m’~
h2=lOmI ~=4m
f~=0.S)

LO
_

0.2 -                        fl
! !        !

-5 -5 -I
h:~l KI2 (cm/$ec)

Fig. 10. Surface/deep radon vs. vertical mixing coefficient. If the ratio is greater than 0.
K12 must be greater than 1 x 10-2 cm’s"1. The lower curve is drawn for a geometry approximati
South Bay; the upper curve is drawn for a hypothetical geometry.

1 m thick, this mixing coefficient would be equivalent to a vertical eddy diffusivity of greater tt
1 cm2 "s"~.

It is interesting to note that in an estuary with different geometry, the ratio C1/C2 would
quite different. For exmuple, if the mean depth was 4 m and fl = 0.80, the concentration r~
could be as great as 1.25 (Fig. 10). Thus, estuaries with very large shoal areas and narrow, d
channels could have concentration ratios ,well above 1 if vertical mixing was slow.

CONCLUSIONS

(1) Irrigation of sediments by benthic organisms, probably by one or two species of deep-dwe
polyehaete worms, creates radon deficiencies in sediments and zones in which concentratio~
nutrients in interstitial waters are nearly uniform.
(2) Using a model which treats irrigation as an advective process, fluxes of nutrients acros
sediment-water interface due to irrigation can be calculated from radon deficiencies and nu~
measurements. At one station in South Bay, the rate of this transport is an order of magn
greater than the transport rate which molecular diffusion could accomplish.
(3) Direct measurement of radon fluxes using benthic chambers agrees with fluxes calc~
from sediment deficiencies within a factor of two.
(4) The rate of gas exchange across the air-water interface is equivalent to a mass transfer ~
cient of 1.0±0.5 m-d"t, in reasonable agreement with the rate predicted by the O’Connor-D~
(1958) model. This rate seems to be primarily controlled by flow-generated turbulence
than by wind-generated turbulence.
(5) A lower limit can be placed on the rate of vertical mixing in South Bay. This limit in,
that vertical mixing is complete in less than 12 hours.
(6) A large flux of radon from the sediments occurs in central San Francisco Bay. If this
attributed to the continuous stirring of sandy sediments, a thickness of 40 cm must tu
rapidly. From observations of bedforms, Rubin (pets. comm.) suggests that a thickness
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several tens of centimeters should turn over on a short time scale, wtrich supports the conclusions
from radon measurements.
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FLUCTUATIONS OF COPPER, ZINC, AND SILVER IN TELLENID CLAMS
AS RELATED TO FRESHWATER DISCHARGE-SOUTH SAN FRANCISCO BAY

SAMUEL N. LUOMA AND DANIEL J. CAIN
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Ag was observed at stations in southern San Francisco Bay. The degree of con-
tamination appeared to be greatly influenced by the discharge of fresh water in-
to South Bay. Local runoff appeared to provide an important source of the con-
taminants, especially in the summer and fall. Fresh-water discharge, either from-]
local sources or from the Sacramento-San Joaquin Delta, also provided the force /
that flushed biologically available Cu and Ag from South Bay, and the degree of ~
this flushing force appeared to determine the magnitude of the annual peak in Cu ~

and Ag concentrations of the clam. A metal discharge index, combining an indi- ~
rect estimate of annual metal loading (derived from cumulative rainfall) with the~
inverse of fresh-water discharge at the Delta, was found to explain 60-80% of the
temporal variance in the Ag and Cu concentrations of M. balthica. The index
represents a first step toward quantitatively predicting the effect of any reduc-
tion in fresh-water discharge into the Bay on Ag and Cu contamination in South
Bay. Significant differences between temporal variations in Zn concentrations in
the clams and the variations in Cu and Ag concentrations suggest all contami-
nants do not behave similarly in South Bay.

Trace metal contamination is often associated with the type of industrial/urban development
wMch surrounds San Francisco Bay. South San Francisco Bay may be especially vulnerable to

I trace contaminant effects because the residence times of South Bay waters are long during most of
the year. McCulloch et al. 0970), Imberger et al. (1977) and Conomos (1979) suggest that South
Bay is well flushed only during periods of high fresh-water discharge from the Sacramento-San Joa-
quin Delta. Girvin et al. 0975) suggest that pollutants may accumulate in South Bay waters, sedi-
ments, and biota during periods of restricted flushing.

The discharge of fresh water into South Bay may affect the concentration of trace metals

II

available to organisms in several ways: (1) River, stream and sewer discharge may carry elevated
concentrations of solute and particulate-bound metals into the estuary during the rainy season.
Urban storm runoff is characterized by high concentrations of many trace metals (Pitt and Amy
1973). (2) Terrigenous (land-derived) sediments are carried into the estuary primarily during the
winter (Conomos and Peterson 1977). The physicochemical characteristics of the terrigenous sedi-
ments (especially those in urban runoff) may differ from the characteristics of the estuarine sedi-

These differences may affect both the partitioning of metals between particulates and solu-
and the ability of organisms which ingest particulates to accumulate metals (Luoma and

1977; Luoma 1977a). (3) The facilitation of flushing by fresh-water discharge into South
may reduce concentrations of solute trace metals which accumulated in the water and/or

the chemistry of the sediments (again, affecting the availability of the metals to organisms)
(4) decreases in salinity of ambient waters, associated with fresh-water influx, may directly

uptake by organisms .(Phillips 1977a).
Any or all of the above effects should be reflected in temporal changes in the metal
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concentrations of organisms in South Bay. Temporal variability in the metal concentrations in bi
valves (Anderlini et al. 1975) and seston (Flegal 1977) were reported in North San Francisco Bay
but the causes of the variation were not discussed. Careful analyses of the causes of such variabilit~
have been useful in studying biological, physical and chemical influences on metal cycling in othe~
estuaries (Luoma 1977a; Frazier 1975). In this chapter we present data from South San Francisc(
Bay on temporal changes in the concentration of silver (Ag), copper (Cu) and zinc (Zn) in the sol
tissues of the tellenid clamMacoma balthica. The data extend from March 1975 to February 197~
and include a 2-yr period of severe drought, which significantly affected physical and chemic,
processes relevant to San Francisco Bay. We show that increases in fresh-water discharge enhanc
the biologically available concentrations of all three metals in South Bay, but also appear to moc
ulate the removal of Cu and Ag from the estuary.

Macoma balthica was chosen for study because it is a deposit feeder (ingests sediment a~
associated organic matter for food), it concentrates a number of metals to a greater extent the
the two other clams (Tapes ]aponica and Mya arenaria) common in South Bay (Luoma unpublis
ed data) and it is widespread on intertidal mudflats throughout the Bay (see also Nichols 19"
and Carlton 1979). Silver (Ag), Cu and Zn were chosen because all are potentially toxic to estt
rine organisms and are potentially important contaminants in South Bay.

Methods and Materials

Clams and sediments were collected at eight intertidal stations and one subtidal station
South Bay (Fig. 1). Our discussion will focus primarily on two of these stations (1 and 5) wh
have been sampled periodic~dly since early 1975. Sediments were scraped from the surface c
dized layer, sieved through 250gm polyethylene mesh and extracted within 24 h of collect
with either hydroxylamine hydrochloride in 0.01N nitric acid, 25% acetic acid, 0.1N sodi
hydroxide or a mixture of concentrated nitric and sulfuric acids (for "total" metal). Spec
extraction methodology is described elsewhere (Luoma in press).

The sediment extractions were used to assess the effects of fresh-water discharge on s
ment chemistry, and to identify periods of terfigenous sediment movement in South Bay. Sod
hydroxide extractions were used to estimate the concentration of humie materials in the ,~
ments. Humic acid concentrations in the extract were measured by absorbance at 480 rim. Ht
materials originate primarily from bacterial metabolites in terrestrial softs and occur at higher
centrations when terrigenous input into sediments increases (Luoma and Bryan unpublished d
Hydroxylamine and acetic acid extractions were used to estimate the proportion of freshly pro
tater iron in the sediments. In oxidized sediments, Fe occurs as a hydrated oxide primarily a~,
ated with the surface of particles (Jerme 1968, 1977). Iron oxides are highly amorphous,
they precipitate but gradually become more crystalline with age. The solubility of Fe in hyd
lamine hydrochioride declines more rapidly as iron oxides age (crystallize) than does the solu
of Fe in acetic acid (Luoma in press). Thus, the ratio of Fe extracted from sediments by hyd
lamine relative to that extracted by acetic acid is an index of the proportion of freshly forme~
oxide. Freshly formed iron oxide enters the estuary and its tributaries primarily during peric
high runoff (Elder et al. 1976; Tefrey and Presley 1976). When terrigenous input of Fe is lo~
oxides should increase in crystallinity as they age or mix with the "older" Fe in marine sedir
These seasonal changes should be reflected in the relative extraction of Fe by the two extrac

Fifteen to 30 clams were collected at each sampling. The animals were kept for 24 t
collection in clean seawater to clear their gut of undigested sediments. Soft tissues were dis
from the shells, weighed, digested in a mixture of concentrated nitric and sulfuric acids (2:!
the addition of excess HNOa where necessary), then evaporated to dryness and reconstit~
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Fig. 1. Sampling stations in South San Francisco Bay.

25% HC1. (Reconstitution in HC1 was essential to prevent precipitation of Ag in the samples). Ana-
lyses were conducted on either samples of pooled animals (in 1975 and early 1976) or on the tis-
Sues of individual animals by atomic absorption spectrophotometry with background correction

necessary. In a few instances significant correlations between metal concentration and the
weight of individual animals were observed. Metal concentrations calculated for a median-sized

(100 mg) from the regression equation for the concentration-weight relationship were used
of mean concentration in kll such samples.

River flow data were obtained from calculations of a Sacramento River.San Joaquin Delta
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O~d’tflow Index (see Arthur and Ball 1979); stream flow data were from the U. S. GeologicaJ
Survey (USGS) gauging station on San Franeisquito Creek (Fig. 1); and rainfall data were frorv
National Weather Service data for Palo Alto. Estuarine water salinities were determined with
salinometer from shallow pools on the surface of the mudflats.

RESULTS

Physical and Chemical Environment

Physical variables. Delta discharge provides the major source of fresh-water influx into th
entire San Francisco Bay system (Conomos 1979). San Bruno shoals and the narrows at the Dun
barton Bridge may impede the penetration of this Delta water into the southern reaches of the Ba
(Imberger et al. 1977). Thus, local streams and sewers may be a very important source of fres
water in South Bay despite their relatively low rates of discharge. Local stream discharge was hig~
ly irregular during our study, closely reflecting the pattern of local rainfall (Fig. 2). Dischar~
from most local streams was negligible during the drought summers of 1976 and 1977. The
charge of the Sacramento River also declined substantially as the drought progressed (Fig. 2).

Chemical variables. Salinities at stations 1 and 5 were lower in the spring and winter of bo
drought years than in the summer, reflecting some significant seasonal increase in fresh-wal
inflow in South Bay despite the drought (Figs. 3, 4). Local stream discharge appeared to be a s
nificant source of this fresh water. The minimum salinities observed at station 1 in 1976
March), and in 1977 (January, April, November) all followed the largest pulses of discharge fr~
San Francisquito Creek observed in those years. Reduced salinities at station 5 in March 1976, a
April 1977 also followed large pulses of stream discharge. The minimum salinity observed at s
tion 5 (5 May 1977), however, was preceded by more than 30 days of relatively low stream
charge, suggesting Delta discharge may have penetrated to station 5 in May 1977. A surpfis
salinity minimum occurred in late August 1977 at stations throughout the South Bay (1, 3, 5, 6
8). This followed 90 days of no rainfall and zero discharge from all local streams (USGS Data
port in preparation; Santa Clara Valley Water District unpublished data) and coincided wif
period of very low Delta discharge.

The humic acid concentrations measured in 1977-78 indicated little terrigenous input of
diment at station 5 until November (following the second storm of the year, but the first puls,
stream runoff measured at the USGS gauging station) and at station 1 until January (Figs. 3.
The proportion of fresh iron oxide in the sediments at station 5 followed the expected seas,
pattern with minor peaks following the large pulse of stream discharge in April 1977 and the
storm of the fall in September 1977 (Fig. 4). The proportion of freshly precipitated iron oxi(
station 1 was consistently higher and less variable than at station 5 (Fig. 3). This is consistent’
the strong influence of a high, relatively constant input of sewage into the southernmost r,
(Imberger et al. 1977). Peaks in the proportion of fresh iron oxide in April 1976 and in Febr
and April 1977, following the largest stream discharges of those years, suggested runoff also
tfibuted Fe to the sediments at station 1. The winter maximum and the end of the summer ~
mum in the proportion of fresh iron oxide occurred earlier at station 5 than at station 1 in
years, as did the beginning of the winter increase in humic acid concentration. At both station
anomalous salinity minimum in August 1977 was accompanied by a small increase in the pr~
tion of fresh iron oxide, and the winter increase in humic acid concentrations preceded tt
crease in fresh iron.

Trace metal concentrations. To facilitate a meaningful perspective, the concentrations c
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I SAN FRANCISOUITO CREEK DISCHARGE
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Fig. 2. Rainfall at Palo Alto (near station 1), fresh-water discharge from San Francisquito
(near station 1), and fresh-water discharge through the Sacramento-San Joaquin Delta be-

~veen February 1975, and January, 1978.

andZn observed in South Bay sediments and clams (Table 1) were compared to similar obser-
from 17 Engtish estuaries which ranged from pristine in nature to some of the most pol-

estuaries in the world (Luoma and Bryan unpublished data). The tellenid clam Scrobicularia
from the English estuaries, is ecologically, morphologically and behaviorally quite similar to

Where the two species co-occur in England their Ag, Cu and Zn concentrations are
(Bryan and Hummerstone 1977). Median Ag concentrations in clams from station 1

nearly 100 times greater than concentrations in clams from more pristine environments (Table
Ag enrichment in both sediments and animals was as great at station 1 in South Bay
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,~-
as in any estuary in the English survey (Fig. 5) which included several estuaries with silver mines
their drainage basin. The Ag enrichment appeared to originate from a point source near statio
on the western shoal, below Dumbarton Bridge, and was rapidly diluted north and east of statio
(Table 1).

The concentrations of Cu and Zn in South Bay sediments were low relative to concenl
tions observed in metalliferous, or industrially enriched areas (Fig. 5; Table 1). Concentrations

< 11~ 32

�) o~ 12 0.~ 24

~’~I~ - >2<1

0.1 -
OC~

12

e

0

o                                              o
MAMJJASONDJFMAMJ JA$ONDJFMAMJ JASOND JF
~1975         ~       ~,976         ~1~       1977

Fig. 3. Salinity, the proportion of freshly precipitated iron oxide in sediments, huz
concentrations in sediments, and concentrations of copper (Cu) and silver (Ag) in Macoma
observed at station 1 between March 1975, and February 1978.

Zn in Macoma balthica were also low for this family of bivalves (Fig. 5). In contrast, the
trations of Cu periodically observed in clams at stations 1 and 4 in South Bay were 30 tin
ground (Luoma, unpublished data) and the highest Cu levels were as high as any observ
English clams. The high degree of biological Cu enrichment in some parts of South Bay s
the benthic community of this portion of the estuary was especially vulnerable to (
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probably due to undet~med physicochemical characteristics of the system.

Silver and copper dynamics ofM. balthica. Between March 1975 and February 1978, con-
centrations of Ag in clams at station 1 varied by over 30 times (from 7 to 220 #g.g-1) and concen-I trations of Cu six times 440 concentrations in the clams variedby (74to gtg-g-1, Fig. 3).Copper
by five times during the same period at station 5 (Fig. 4). Concentrations of Ag were too low at
station 5 for assessments of the range of variation to be meaningful. The variation of Cu and Ag

I concentrations in the animals did not follow the variations of concentrations in the sediments.
The highest concentration of Cu observed in M. balthica occurred at station 1 in August

1975 (Fig. 3). This peak coincided with a period of severe anoxia .on the mudflat (due to an in-
! ~~ te~se b~~~~ ~f the bent~~c ~a~r~-algae P~~ysiph~nia sp.) whi~h destr~yed a~~ but a few is~~ated

patches of the benthic infauna (see also Nichols 1979). Mobilization of biologically available Cu

0.9-0.8-~ 3.5F                                      I~~

~ o.~ ~0.~

~197[ ::~ 1976 ,t. 1977

Fig. 4. SaHni~, the proportion of fres~y precipitated iron oxide ~ sediments, humic acid
~ncentrafions in sediments, and concentrations of copper (Cu) in Macoma balthica obseIwd at
~Uon 5 between Au~st 1975 and Februa~ 1978.
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Fig. 5. Concentrations of zinc (Zn), copper (Cu) and silver (Ag) in Macoma balthica (+)
San Francisco Bay and Scrobicularia plana (*) from southwest England, compared to conc~
tions of the metals in sediments from the two locations.

has been observed in other estuaries under similar types of anaerobic conditions (Luom
Bryan in prep.); although the mechanism involved has not been explained.

With the exception of the Cu peak in late 1975, the dynamics of Ag and Cu inM. b~
at station 1 followed a similar pattern (Fig. 3). The lowest concentrations of both metals w~
served in early summer. Concentrations began to increase with the onset of infrequent rak
the late summer and fall. Concentrations peaked in the early winter, followed by a relative~
decline, which coincided with the period of maximum rainfall. Temporal variations in Cu c
trations in M. balthica at station 5 followed a pattern similar to that observed at station 1 (~
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l TABLE I. CONCENTRATIONS OF AG AND CU IN SEDIMENTS AND CLAMS
FROM SOUTH SAN FRANCISCO BAY, COMPARED TO CONCENTRATIONS

OBSERVED IN A RELATIVELY PRISTINE HARBOR ON THE PACIFIC COAST.a

I Silver Concentrations (j~g.g-I) Copper Concentrations (d.tg’g"1 )
Station Sediment (mean) M. balthica (median)Sediment (mean) M. balthica (median)

1 1.8 104 52+ 9 252

2 14 no data 45
3 0.4 7 36 + 12 83

i 4 13 100 + 44 231

5 0.1 6 29 +9 65

6 7 22 + 10 48

I 7 4 33 + 13 46

8 0.3 2 42 + 6 38

9 3.5 92 25

IPrincetonHarbor 1:2 15 8

a Silver analyses of sediments were conducted by Girvin, et al., using Zeeman spectroscopy.

The autumn buildup of Cu and Ag in the clams was apparently caused by the influx of local
runoff into South Bay. In both 1976 and 1977 the onset of metal accumulation at both stations
followed early storms in the watershed of South Bay. Moreover, the concentration of Ag and Cu

I the animals, between the time of minimum and maxinaum concentration in eachyear, wasa

nction of cumulative rainfall during that period of the year (Fig. 6). If Ag and Cu enter South
Bay primarily in runoff, then cumulative rainfall should be an indirect measure of the sum of the

etal discharge into South Bay at a given point during the year. The concentration of Cu and Ag
the clams at a given quantity of rainfall (i.e. quantity of metal discharged) was significantly

greater in 1977 than in 1976, and (for Ag) slightly higher in 1976 than in 1975. Fresh-water

i~scharge from all sources declined between 1975 and the end of 1977 (Fig. 2) suggesting an in-
rse relationship between the rate of fresh-water discharge and the accumulation of Cu and Ag
the clams per unit metal discharge in runoff. To quantify this relationship, a metal discharge

i index, Md, was calculated for each sampling date between the time of minimum and maximum

r and Cu concentrations in the clams where

Md = (Z,R) (I[FWd)

= cumulative rainfall (cm) over the stated period and FWd = the discharge rate of fresh
¯ s"1) from a specified source. The concentrations of Ag in the clams from station 1, as

during the period of accumulation in all three years of the study, fell into a single, high!y
regression with the metal discharge index (Fig. 7) when FWd was determined from Del-

l0 days before the sampling date (the 10-day lag was chosen somewhat arbitrarily, but
the discharge value chosen). The correlation with Ag concentrations in the

insignificant when FWd was determined from San Francisquito Creek discharge within
~rior to sampling, or as the mean discharge rate of the creek for either the 1’0 or 20 days

the sampling date. Copper concentrations at both station 1 and station 5 also showed highly
correlations with the metal discharge index when Delta discharge was used for FWd

239

C--0501 45
(3-050145



SAN FRANCISCO BAY
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CUMULATIVE RAINFALL, fN CENTiMeTERS                    CUMULATIVE RAINFALL, IN CENTIMETERS

station 1 ~th cumula~ve r~nf~ ~ 1975, 1976 and 1977. Data are taken from the time
minimum metM concentrations and max~um metM concentrations in the a~mMs ~ ea
Data for Cu ~e not presented from 1975 due to the effects of anoxia on Cu concentr=
station 1 in that year.

(Fig. 7). There was no sig~fic~t ~fference between ~e slopes of ~e relations~ps at ~e
tions; however, Cu concentrations at station 1 were consistently ~er ~ ~ose at s

Zinc dynamics. ~e dyn~ics of Zn ~ ~ balthica at stations 1 ~d 5 differed fro~
n~ics of Ag ~d Cu in severA ways (Fig. 8). (1) ~e period of low ~scharge was charact
ded~g or stable Zn concentrations ~ ~e cl~s. Zinc accumulation in ~e ~Ms did
until after the period of m~um fresh-water discharge, ~d was not related to cumul
f~. (2) The ma~tude of ~e ~nter pe~s in Zn eon~ntration dec~ed as fresh-water
declined over ~e course of ~e drou~t. (3) ~ereas Cu ~d Ag concentrations ~ the
ed no consistent relations~p ~ s~ty, temporM fluctuations ~ Zn concentrations w
tently ~e inverse of temporM fluctuations ~ s~ity. (4) Zn concentrations ~ ~ bal
more s~ar at stations 1 ~d 5 throu~out ~e study period th~ were Cu ~d Ag conc.

DISCUSSION

Biolo#c~y si~fic~t poMts of Ag ~d Cu enfic~ent occur M South Bay. ’
fic~ent is largely ~e result of Ag ~scharge from a po~t source on ~e western s
southernmost reaches of ~e Bay. Copper enfic~ent appears to reset from undefin
chemicM con~ons in ~e Bay, w~ch m~e ~e system especia~y susceptible to fl
sm~ discharges of Cu. Z~c does not appear to be a container of great si~ific~c
haAor is of interest ~ ~at it differs signific~tly from Ag ~d Cu. The concentratio~
Ag obse~ed at station 1 in November 1977, were as hi~ as ~y ever reported for
Wi~n two monks of t~s pe~, adult ~ balthica essenti~y disappeared from ~,
~s station (but not from station 3 where met~ concentrations are lower). Pro~
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Fig. 7. Correlation of silver (Ag) concentrations at station 1 and copper (Cu) concentrations
at stations 1 and 5 with the metal discharge index, Md. Regression statistics: for AG, r = 0.91 and
log y = 24 + 0.45 log x; for Cu at station 1, r= 0.79 and log y = 69 + 0.26 log x; for Cu at station
5, r = 0.87 and log y = 25 + 0.31 log x. All correlations are significant (p<0.01).

contaminants are affecting organisms in a natural system is nearly an impossible task (Nichols
1979; Luoma 1977b). However, the coincident occurrence of high tissue concentrations of two

toxicants, and the disappearance of a population suggests the Cu and Ag enrichment in
~ is worth further investigation.

Fresh-water discharge rates were very important in determining the degree of biological Ag
l Ca contamination at least at stations 1 and 5. The accumulation of Cu and Ag in the clams as

increased in frequency through the summer and fall, and the annual correlation between
concentrations in the clams and cumulative rainfall, suggested local runoff provided the

input of the two metals. This was substantiated by the observation by Girvin et al.
data) of elevated concentrations of Ag in solution at a location offshore from our

1 (where our data indicate biological contamination is diluted relative to station 1) in

241

C--0501 47
(3-050147



SAN FRANCISCO BAY

~’~September 1976, following a rainstorm. Three days later the high concentrations of Ag had d"
peared. In a did study at the same station they also observed increasing concentrations of A
solution with the onset of rainfall.

The rate of fresh-water discharge also had an inhibitory effect on biologically availabl~
and Ag during the summer and fall period. The year of lowest fresh-water discharge was the
when metal accumulation in the clams per unit rainfall was greatest. Moreover, 60-80% o:
temporal variance in the summer-fall concentrations of Ag and Cu in -the clams was explain~
our metal discharge index, which included the inverse of Delta discharge as one term. The co
tion with the metal discharge index suggested concentrations of Cu and Ag available toM.

’
¯

in South Bay between 1975 and 1978 were controlled during the summer-fall period by a dyr
balance between metal input rates from local runoff and a slow rate of metal loss, modular.
fresh-water discharge rates. (Of course, the input and loss functions need not represent metal
ings alone, but could also occur through chemical changes in the sediments or water columJ
enhance or decrease the biological availability of the metals.) The magnitude of the fresh-war,
charge duri~, g this period of relatively long water residence times in South Bay, appeared to
crucial factor determining the size of the annual peak in Cu and Ag concentrations.

The rapid decline of Cu and Ag concentrations in the dam tissues during winter and
occurred as significant quantities of fresh-water and terrigenous sediment entered South Ba

~’Station 5

~,, 480

~111111111111111111111     IIIIIIIIII
ASONDJFMAMJJASONDJFMAMJJASONDJFM

--1975     ~I:      1976        ~D      1977      :I-"

Fig. 8. Zinc (Zn) concentrations in Macoma balthica at stations 1 and 5 betw~
1975, and February 1978.
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onset of the decline in Cu concentrations at station 5 coincided with the minimum salinity observ-
ed at that station in 1975-76 and with the onset of declining salinity and increasing humic acid
concentrations in the sediments in 1977-78. At station 1 the onset of the 1975-76 decline coin-

i cided with a salinity decline and a gradual increase in the proportion of freshly precipitated iron
oxide in the sediment. In 1977-78 the decline did not occur until salinities fell below 26 % o, but

~
coincided with a sharp increase in the humic acid content of the sediments. The 1976-77 declgfi% at
station 1 did not coincide with a salinity decline, but the proportion of freshly precipitated iron in
the sediment did rise as Ag and Cu levels in the clam began to drop.

There are at least two possible explanations for the decline in Ag and Cu concentrations in
the animals. First, at some point in the early winter, the flushing action of fresh-water discharge is

I sufficiently strong to remove biologically available Cu and Ag from South Bay as rapidly as it en-
ters in the runoff. By limiting the residence time of the contaminated water and/or sediment, the
exposure of the clams to Ag and Cu is limited. The second possibility is that as the rainy season
progresses the chemical and/or physical natfire of the terrigenous sediment in the runoff changes
(V. Kennedy pers. comm.). Early runoff should be dominated by sediment from the urban water-
shed of South Bay. Not only will the initial storms wash urban streets containing several months’
accumulation of contaminants, but also the initial rainfall of the year in the less urbanized areas
will largely be converted to groundwater, rather than running off, until the soils are saturated. An
example of the latter was observed after the ftrst storm of the year in September 1977, when no
stream flow was detected in either San Francisquito Creek or Redwood Creek (USGS Data Re-
port, in prep.) at gauging stations upstream from most of the urban area. However, a significant
pulse of flow was observed at an urban gauging station in Stevens Creek (Santa Clara Valley Water
District unpublished data). Later in the rainy season the urban runoff will carry less sediment, but
more important, the stream discharge will also carry a heavy load of less contaminated sediment
from the more rural parts of the watershed. Humic acids should be more concentrated in the rural
runoff than in the urban runoff; the close correspondence of declines in Ag and Cu concentrations
in 1977-78 with increased hurnic acid concentrations could reflect a change in the dominant
~ediment type in the runoff. These hypotheses are, of course, not mutually exclusive since any
tlushing modulated by fresh-water discharge would also be important in removing urban runoff
from the estuary.

The metal discharge index represents a first step toward quantifying the degree of Cu and Ag
enrichment we might expect in South Bay organisms as fresh-water discharge into the estuary is
reduced. Unfortunately, the index will not be useful in predicting environmental impact until we
t~derstand more about the relative importance in flushing of South Bay by local stream discharge
versus~ Delta discharge. Initial model studies of hydrodynamics in South Bay suggest significant
quantifies of fresh water from the Delta should not have penetrated beyond San Bruno shoals dur-
ing the summer or fall in either 1976 or 1977 (Imberger et al. 1977). If so, local stream discharge
is the most likely source modulating the different rates at which biologically available Cu and Ag
Were removed from South Bay in these two years. The winter decline in concentrations of Cu also
dearly followed major pulses of local runoff more closely than Delta discharge at station 5 in
Ilarch 1976, and November 1977, and at station 1 in January, 1977 (although the chemical nature
0f the sediment in the runoff may also explain these effects). Several lines of evidence raise ques-
l~ns about the dominance of local stream discharge as a cleansing force in South Bay, however:
(1) The lowest Ag concentrations ever observed at station 1 followed a period of zero rainfall

1 May and 20 June 1975. The Ag minimum suggests a negligible input of Ag combined
a flushing of available Ag at this time. Local stream flow declined to relatively low

June 1975; but Delta discharge peaked at a sufficient rate to penetrate San Bruno shoals
the Ag minimum. At least in the spring of 1975, Delta discharge was the most likely
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force driving the removal of biologically available Ag at station 1. (2) The salinity anon
August 1977, was clearly not the result of local runoff. This salinity minimum coincided
small influx of terrigenous sediment (reflected by an increase in the proportion of freshly
pirated iron) at both stations 1 and 5, but, more importantly, with a sharp reduction in C
centrations in clams at station 5. A similar reduction in Cu concentrations at station 8 v
served at this time, but not at stations 1, 3 or 6 (Luoma and Cain unpublished data). (3) Wt
metal discharge index was calculated from the inverse of local stream flow, no correlation
three years of data on Cu and Ag levels in the clams was observed. It is possible that we
adequately quantify crucial aspects of the highly irregular stream flows in the relations~.
it is also possible that Delta discharge is a more important flushing force on the shoal.,
South Bay than predicted from the initial studies of Imberger et al. (1977) in the main
of the estuary.

The differences between Zn dynamics and the dynamics of Cu and Ag in South Bay
strate that all trace metals do not behave similarly in the system. The differences bet~
metals may reflect their source, or the source of the chemical factors that control their ava:
In 1977-78, Zn concentrations in the clams were lower at both stations than in 1975-76,
Cu, concentrations at station 1 exceeded those at station 5 approximately twofold. The
tion of Zn and Cu in 1977-78 suggest factors controlling the availability of the metals o
from similar local sources, probably throughout South Bay (since the northward dfluti,
greatly exceeded that of Cu and Zn). The south-to-north gradient in Cu and Zn concent~
1977-78 could reflect differences in discharge rates, dilution by an increasing volume
toward the north, or more efficient flushing in the northern reaches. The similarity of the
the regressions between Cu in the clams versus Md at stations 1 and 5 suggests one of
two suggestions is most likely.

In contrast to Cu, the south-to-north gradient for Zn was not observed in 1975-76
ta discharge was certainly sufficient to flow southward of San Bruno shoals. Zinc cone,
at station 5 exceeded those at station 1 in 1975-76, and peak concentrations at both sta"
much greater than in the following years of low fresh-water discharge. Although furth~
required, it appears that Delta-derived water may control the biological availability of 2
of normal rainfall. This hypothesis is consistent with our earlier suggestion that Zn
charged in sufficient quantities into South Bay to be a biologically significant contamina

Factors such as temperature, salinity (Wolfe 1971; Phillips 1977a), and biolog
mena (tissue growth; seasonal variations in physiology-Frazier 1975; Betzer and PJ
Phillips 1977b), have also been cited to explain temporal variations in the metal eonce~
benthic organisms within estuaries. In South Bay, temperature was not found to affec
Cu concentrations in M. balthica directly. The temporal pattern of variation in metal
tions was roughly the inverse of the seasonal temperature cycle. Seasonal contrasts in
ship with Cu and Ag concentrations also suggested salinity was not a variable to which
were directly responding. Concentrations of Cu and Ag in the clam varied inversely
station 1 in the spring (March, April 1976; April 1977) and positively with salinity at t
1 and 5 in the winter. Zinc concentrations in the clam varied inversely with salinity in
manner; thus, the possibility that salinity variations may have had some direct effect
rates by M. balthica cannot be discounted.

The winter decline in Cu and Ag concentrations in the clams coincided with t
maximum growth of the organism (Nichols in prep.; Cloern and Nichols 1978). Tv
suggest the effects of tissue growth on metal concentrations were minimal, however:
changes in the content (pg) of Ag and Cu in the animals closely followed changes in
(pg.g-1), thus eliminating the possibility that the seasonal differences in metal eoncer
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the result of simply a changing tissue mass, rather than metal fluxes; and (2) sharp changes in the
Cu concentrations ofM. balthica were not observed during the spring at stations 6 and 8 in 1977
(Luoma and Cain unpublished data). If under’reed physiological processes,were responsible for the
temporal changes observed, those processes were specific to stations 1 and 5 - a highly unlikely
prospect.

Our evidence strongly suggests that the interaction of hydrodynamic processes, local wea-
ther, and, quite possibly, the chemical characteristics of sediments entering South San Francisco
Bay in local runoff, play the major roles in controlling the contamination of organisms south of
the San Marco Bridge with Cu and Ag. The rate of fresh-water discharge into the Bay is a primary
factor mitigating the effects of those interactions, and appears to control the amplitude of the
annual peak in contaminant concentrations.
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PHYTOPLANKTON ECOLOGY OF THE SAN FRANCISCO BAY SYSTEM:
THE STATUS OF OUR CURRENT UNDERSTANDING

JAMES E. CLOERN
u. s. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Although past studies of phytoplankton dynamics in the San Francisco Bay
system are limited in number and scope, they have provided sufficient informa-
tion to define gross spatial and temporal patterns. Annual changes in the density
and composition of phytoplankton populations differ among major geographic
areas within the system, and recent studies suggest that phytoplankton dynamics
in each major portion of San Francisco Bay are governed by a unique set of envi-
ronmental factors. The annual maximum abundance of phytoplankton in central
San Francisco Bay during spring may be a direct consequence of diatom blooms
that occur in coastal waters during the upwelling season. The spring maximum
of phytoplankton abundance in South Bay may also result from the dispersion
of neritic diatoms from offshore during some years, although the 1978 spring
maximum resulted from rapid in situ growth of microflagellate populations.
Apparently, stratification of the South Bay water column (initiated by move-
ment of Delta-derived low-density water from the northern reach) creates a
shallow surface layer where flagellates are given sufficient solar irradiation to
maintain rapid growth rates. Phytoplankton populations in the northern reach of
San Francisco Bay apparently are most strongly regulated by the physical
accumulation of suspended particulates by gravitational circulation, the rapid
growth of planktonic algae over shoals, and phytoplankton dynamics in coastal
waters and/or tributaries.

Because few research efforts have been implemented to define environmental
factors that regulate phytoplankton dynamics, basic unanswered (or unasked)
questions remain. There is need (1) to define those functional groups of plank-
tonic algae responsible for fixing inorganic carbon and energy, and then to fol-
low pathways of energy and material transfer from the phytoplankton to other
trophic leveis, (2) to define the relationships between the physics of water move-
ment and phytoplankton dynamics, and (3) to identify those physical-chemical-
biological factors most responsible for regulating phytoplankton population size
and composition, and then to quantify the response of algal population growth
to changes in these important environmental factors.

The quality of estuarine waters is reflected in and a consequence of the phytoplankton
~marnunity because the density (i.e. abundance) and composition of plankton populations both
t~pond to environmental stress and can, in turn, cause environmental stress. The species composi-

and population density of phytoplankton are sensitive to environmental changes, and con-
documentation of phytoplankton population dynamics can provide an invaluable record of

can signal if radical changes occur within an estuarine system, and can offer dues to
causes of changes when they do occur. Planktonic algae affect concentrations of dissolved

and carbon dioxide), concentrations of dissolved inorganic and organic substances,
pH. Finally, the photosynthetic f’~xation of inorganic carbon by phytoplankton offers a

of organic carbon and energy for higher trophie levels and ultimately determines the success
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of fisheries, including those having commercial and recreational value. The understanding of
plankton dynamics (i.e. changes in population abundance, composition and-distribution, an

I of physiological processes) is, therefore, central to the understanding of how estuarine ecos

!, ~ work and how they respond to stresses imposed by man and nature.
Despite the size and economic importance of San Francisco Bay, the biological comF

of its water column have been meagerly studied. Virtually no baywide phytoplankton studi,
done until the University of California’s Sanitary Engineering Research Laboratory (
undertook a five-year study in the early 1960’s (Storrs et al. 1966). The U. S. Geological
initiated a study of water properties of the Bay system in 1969 (Conomos et al. 1978"
surveys included measurements of relative phytoplankton abundance and distribution. I
four agencies (U. S. Bureau of Reclamation [USBR], U. S. Fish and Wildlife Servi,
California Departments of Water Resources and Fish and Game) pooled their resources
cooperative ecological study of the Sacramento-San loaquin Delta and parts of northc
Francisco Bay. These three major efforts all included descriptive studies of phytoplankto
dance or composition, but with few exceptions (e.g. Peterson et al. 1975a; and Delta st~
Arthur and Ball 1979 and Ball and Arthur 1979) there has been no research effort to de:
quantify those environmental factors that regulate phytoplankton dynamics through~
Francisco Bay. Until this is done, our capability to forecast impacts of proposed pertu
(such as construction of the Peripheral Canal and San Luis Drain and the deepenLug of the
Ship Channel; see, e.g. Seckler 1971), and our understanding of factors that determine the
of important fisheries, such as the striped bass (Morone saxatilis) and dungeness crab
magister), will continue to be restricted.

Although our knowledge of dynamic processes affecting the plankton is limited, pas
have provided sufficient information to define gross spatial and temporal patterns of ~
phytoplankton abundance that occur over an annual cycle. In this chapter I integrate the i
previous studies into a generalized description of these patterns, then present the result~
cent (1977-78) study that was designed to offer preliminary hypotheses concerning me~
that cause these observed patterns. Finally, I point out critical new directions for future
and significant questions that must be addressed before our understanding of the water e,
San Francisco Bay will allow for inteRigent management decisions in the future.

TEMPORAL AND SPATIAL PATTERNS

Storrs et al. (1966), who first described the seasonal changes of phytoplankton abu:
different portions of the San Francisco Bay system, observed that Suisun Bay (Fig. 1) tyl:
a maximum phytoplankton standing stock during summer (Fig. 2), whereas atl other pc
the Bay system have annual maxima during spring, and that the population maximum

!. Bay is at least 10 times greater than the maxima seen elsewhere. Although year-to-year
exist, subsequent studies (Peterson 1979; Peterson et al. 1975a; Arthur and Ball 1979
Arthur 1979; Conomos et al. 1979) have confirmed this general pattern. The similarity i~
magnitude and timing of population maxima in San Pablo Bay, Central Bay, and South B:
superficially suggests that phytoplankton dynamics in all three embayments are regula~
same set of environmental factors. However, our recent studies demonstrate that this is no
It is appropriate, therefore, that each geographic section of the Bay~system be discussed :

Central Bay

In the earliest quantitative study ofphytoplankton populations in San Francisco Be
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Fig. 3. Monthly mean densities of diatoms and dinoflagellates in surface waters taken
San Francisco pier, 1933-1935 (data from Whedon 1939).

(1939) found that the Central Bay (bordered by stations 17, 19 and 21 - Fig. 1) has its m;
standing stocks between March and June (Fig. 3), consistent with the observations of Stoz
(1966) 30 years later. Results of both studies showed that the sp~g maximum is a cons(
of increased numbers of neritic (i.e. coastal marine) diatoms. From March to as late as
northerly winds along the California coast generate periods of upwe]ling that produce
blooms of netplankton (single cells or chains larger than about 20/z) offshore (Bolin and
1963; Malone 1971). Since these blooms typicalty are dominated by the same species (Cha,
spp., Nitzschia spp., Rhizosolenia spp. and Skeletonema costatum) as ~epo~ted by Whedo~
and Storrs et al. (196~), it is likely that the spring max3mum in Central Bay results
persion of planktonic diatoms into San F~ancisco Bay from these offshore blooms
welling season.

We did not see a dramatic spring increase in phytoplankton abundance (measured
phy11 a concentration) at the Golden Gate during 1978 (Fig. 4), although the modest inc
did measure in the spring resulted from increased numbers of neritic diatoms. Causes
c~eased chlorophyll a concentration at the Golden Gate during early December 1977
not known, but microscopic enumeration revealed that this pulse was dominated by
diatom Nitzschia seriata (R. Wong pets. comm.). Conceivably, anomalous meteorologi(
tions created a winter upwelling event that allowed for rapid population growth of this
shore, but this hypothesis cannot be tested, and the proposed relationship between coast
ing and phytoplankton dynar~ics in San Francisco Bay will remain speculation until sire
studies are done both inside and outside the Golden Gate.

South Bay

Storrs et al. (1963) observed that phytoplankton populations (measured as cell d
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lelatively small in South Bay (Fig. 2), and that South Bay, like Central Bay, has its annual maximum
~3uring spring (Fig. 5). They also reported a population composition that was dominated by neritic

diatoms; this again suggests that the spring maximum results from the importation of marine dia-
oms from offshore. But our study gave very different results in 1977-78: although phytoplankton
ensity (measured both as chlorophyll a concentration and cell density) was again highest in March

(Fig. 4), the partitioning of chlorophyll a into three size classes demonstrated that over 90% of this
maximum comprised ultraplankton (very small cells capable of passing through

5-/2 pores of a membrane Filter). Microscopic examination of preserved samples confirmed

1~ lSl Sacramento River- Delta
E ]

II
0" ’ ’ ’ ’ ’ ’ ~ ’ ’ ’ ’

10 Golden Gate
B

~ JCentrelS°°thBay A
t"/

¯ lower South Bey D

~.l                            J F M A M J J A                         A M J J A S
1977 197| 1977 1979

Fig. 4. Mean concentration of chlorophyll a in near-surface waters of the major geographic areas
the San Francisco Bay system, between Sept. 1977-Sept. 1978. (San Pablo Bay encom-

the area between stations 9-15; Golden Gate is station 19; Central South Bay lies between
24-30; Lower South Bay includes stations 32-36; Suisun Bay lies between stations 4-8.)

the South Bay water mass had a large number of microflagellates (primarily cryptophytes,
and naked dinoflagellates) and relatively few large diatoms (R. Wong pers. comm.).

offshore blooms are dominated by the large netplankton (Malone 1971; Garrison 1976), the
South Bay maximum of March 1978 clearly did not originate from coastal netplankton blooms.
~. Vertical profiles of salinity and chlorophyll a in mid-South Bay (Fig. 6) suggest the cause of

phytoplankton population growth during March 1978. On 14 March, vertical distributions of
salinity and chlorophyll a were fairly homogeneous at stations 27 and 30, suggesting that the

was well mixed; data from station 24 showed pror~ounced salinity stratification. On 20
the entire South Bay showed some degree of salinity stratification, and concentrations of

dzlorophyll a had increased dramatically in the surface layer (Fig. 6). Apparently, the spring maxi-
=una of 1978 o~ccurred under conditions of a salinity stratification which created a shallow surface
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Fig. 5. Average microplankton density ~ surface waters of South Bay, September 19(

May 1962 (data from Storrs et al. 1963).

layer where phytoplankton were given sufficient sunlight for rapid growth. When the water
is vertically mixed, planktonic algae spend a majority of time in the lower aphotie (dark) zc
¯ e water column and do not receive sufficient solar irradiation to maintain rapid growth

McCulloch et al. (1970), Imberger et al. (1977) and Conomos (1979) found that prono~
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Fig. 6. Vertical distributions of chlorophyll a (solid line) and salinity (dashed line~
South Bay stations on 14 March 1978 (top frames) and 20 March 1978 (bottom frames).

C--0501 59
G-050159



salinity stratification of South Bay results from the penetration of low-salinity water from the nor-
thern reach during periods of rapid freshwater discharge through the Sacramento-San Joaquin
Delta. This mechanism explains the salinity stratification of South Bay during March 1978, since
Delta outflow increased dramatically between 3-9 March (Fig. 7). Stratification was observed
throughout South Bay 16 days after the start of this flood; this is consistent with [mberger et al.
(1977) and C°n°m°s (1979) wh° inferred a time delay °f ab°ut 1"2 weeks bef°re the S°uth Bayresponds to a large flood through2400 the Delta.ooOVooooo            Ooo

Oo2100     o

~1800 °o

~ 1500 o o

~ 1200 OOooo,

~ 900

600 ~°°

~

300

MARCH 1978

Fig. 7. Net Delta Outflow of the Sacramento-San Joaquin Delta during March 1978 (from
!1 USBR, Sacramento, Calif.).

Results of Storrs et al. (1963) study are consistent with the hypothesis that phytoplankton
dynamics in coastal waters dominate seasonal patterns in South Bay, and that diatoms predomi-

’hate. Our results in 1978 demonstrate that spring increases are caused by stratification of the wa-
ter column during periods of rapid Delta outflow, and that microflagellates dominate the spring in-
crease in phytoplankton biomass. The incongruity between these two studies may reflect the fact
that: (1) the methods of Storrs et al. (1963) may have given a severe underestimate of the biomass
0fmicroflagellates in South Bay during the 1960’s; (2) meteorological conditions in 1978 were not
conducive to strong or frequent coastal ~upwelling events, hence minimizing the importance of
neritic netplankton in South Bay during the spring of 1978; or (3) real changes have occurred in
, the composition of South Bay phytoplankton assemblages since the 1960’s. Answers to these basic
questions will only come from long term studies that include efforts to determine the relationship
between plankton dynamics both in coastal waters and in San Francisco Bay, and studies that pro-
~ide information about species composition as well as biomass of phytoplankton populations.

Results of previous studies have demonstrated that vertical and longitudinal (north-south)
r~iations in phytoplankton abundance are generally small, implying that South Bay is a fairly

embayment. But examination of the composition of phytoplankton populations in
Bay reveals a different picture. The longitudinal distribution of chlorophyll a on 24 May

uniform in surface waters of South Bay (Fig. 8a). The relative contri-
l~ation of ultraplankton (i.e. microflagellates), however, increased rapidly from the Golden Gate to
~tion 24, then declined in mid-South Bay (station 27), increased rapidly again near station 30,

again at the southern extremity (Fig. 8b). Reasons for this heterogenity of phyto-
composition are not yet known but must be related to the complex bathymetry of South
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Fig. 8. Longitudinal profiles of near-surface chlorophyll a (A) and size distribution of .~
plankton (B) in the San Francisco Bay system, 24-25 May 1978. Percent netplankton (sob
is the fraction of chlorophyll a retained by Nitex screens having 22-/~ mesh, and percent
plankton (0) is the fraction passing a Nuclepore filter having 5-# pores.

Bay, influences from local discharges and surface runoff, and the formation of surface le:
low-density water as Delta-derived water penetrates South Bay on each tidal cycle (Imberg¢
1977; Conomos 1979). Our initial perception of South Bay as a longitudinally homogene(
bayment changes upon examination of plankton size composition and species composition.
sion of sampling over the lateral shallow areas of South Bay should also offer new insig!
spatial patterns observed in the channel.

San Pablo Bay
;"
~ ~ The northern reach of the San Francisco Bay system (defined here as the area bet~

.
tions 17 and 1 - Fig. 1) is a partially to well-mixed estuary comprising a central deep char

., two isolated shallow embayments, San Pablo Bay and Grizzly-Honker bays, that contair,
� plankton communities with very different dynamics. Seasonal patterns in the density and

~ sition of phytoplankton populations in San Pablo Bay can vary dramatically from year to ~
Storrs et al. (1966), USBR et al. (1977) and Conomos et al. (1979) all observed annua
plankton maxima during spring, Several mechanisms may contribute to the growth of phy
ton populations in San Pablo Bay during spring, the simplest being the movement of coast
ton blooms into San Pablo Bay during spring. This hypothesis is consistent with the ob~
that increased concentrations of chlorophyll a between March and May 1978 (Fig. 4) wet,
panied by large increases in the population density ofSkeletonema costatum, a neritic dia
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II~is dominant in netplarL~ton blooms along the California coast (Bolin and Abbott 1963; Malone
1971). However, the simple dispersion of coastal plankton into San Pablo Bay is not suffident
to explain observed spatial patterns. We consistently measured higher phytoplankton densities in

i ~an Pablo Bay than in Central Bay during spring of 1978 (see, for example, Fig. 8a). Therefore, if
the spring maximum originates outside the Golden Gate, some additional mechanism causes an
accumulation or growth of these coastal-derived populations within San Pablo Bay.

ttanConomos et al. (1971) demonstrated that surface waters of the northern reach have net
idally-averaged) advective movement toward the Pacific Ocean, while bottom waters have a net

dward movement (see also Conomos 1979). This two-layer flow, caused by longitudinal and
mlvertical salinity gradients characteristic of partially and well-mixed estuaries (e.g. Bowden 1967;
l~, yer 1973), has a profound influence on the distribution of phytoplankton and other suspended
wparticulates in San Francisco Bay (Conomos and Peterson 1974, 1977; Peterson et al. 1975a;

Arthur and Ball 1979). The location along the longitudinal axis of,t~e_ estuary where net bottom
|,~currertts are nullified by seaward-flowing river water, the "null zone is generally characterized by
|~igh accumulations of suspended particulates (see, for example, Meade 1972), including plank-

tonic algae, because net advective displacement is relatively slow. Peterson et al. (1975b) demon-
|l~trated that the location of this null zone varies seasonally in response to seasonal variations in
|l)elta outflow, and that it is often located near San Pablo Bay during spring, when Delta outflow is
I~tigh. As marine diatoms enter San Pablo Bay in the bottom density current, they encounter the
l~oppos~ing current from the Sacramento-San Joaquin rivers (Fig. 9), and are either entrained or
|ldvected into the surface layer. There, they are either quickly retransported seaward or they
|~perse laterally into the shallows of San Pablo Bay.
ill,r Since waters of the northern reach are generally very turbid, growth rates of planktonic algae

e small in the deep (’~ 10 m) channel where average irradiance is low. However, the shallow

WATER FLOW

SUSPENDED-MATTER

’~~’~ ~
SUSPENDED - MATTER

~.~0:

~; TRANSPORT

RIVER OCEAN

" I~ig. 9. Schematic representation of the null zone of partially mixed estuaries, showing spa-
.variations in water density and circulation, concentration of suspended particulates, and the

of suspended particulates (including dense algal cells). Reproduced with permission
(1972).
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Fig. 10. Distribution of chlorophyll a in surface waters of San Pablo Bay, 15 March

(~< 2 m) depth over San Pablo Bay tidal flats (Fig. I) provides for increased exposure c
pended algae to light and thus for rapid growth rates (Cloern 1978). Rapid growth of see
tions that enter San Pablo Bay shallows can maintain large population-densities, parti,
northern San Pablo Bay" where the exchange rate between the shallows and channel is pI
slow and water residence time is highest. During March 1978, the spatial distribution
plankton biomass (chlorophyll a) in San Pablo Bay (Fig. 10) was consistent with the h
that the shallows are sites of rapid population growth. The extremely high chlorophyll
trations in northern San Pablo Bay represented a large phytoplankton population that v
exclusively Skeletonema costatum.

The proposed mechanism that causes increased phytoplankton abundance in San,
requires: (1) an allochthonous source (in this case, coastal waters) of viable planktonic
(2) rapidly disperse over the tidal flats because of location of the null zone, and (3) divi
because of shallow depth (i.e., increased availability of light). The decline of phytoplank
lations during summer (or sometimes as late as fall - Fig. 4) probably results from decrea
of marine diatoms in the bottom density current as upwelling frequency declines off,,
movement of the null zone landward in response to decreased Delta outflow.

Suisun Bay

The most dramatic feature of phytoplankton dynamics in San Francisco Bay i:
standing stock typically seen in the vicirtity of Suisun Bay during summer (Figs. 2, 4; se
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and Arthur 1979). The rapid population growth seen during most summers is coupled to the tim-
ing of decreased freshwater discharge through the Sacramento-San Joaquin Delta (Fig. 11). The
null zone is found near Suisun Bay during the summer low flow period (Peterson et al. 1975b;
Arthur and Ball 1979) where, as in San Pablo Bay during spring, the presence of an estuarine
circulation cell adjacent to a shallow region allows for population growth.

The summer growth of phytoplankton populations in Suisun Bay is accompanied by a
dramatic shift in species composition that is reflected in the partitioning of chlorophyll a into dif-
ferent size fractions. For example, between September 1977 and July 1978, phytoplankton popu-
lations in Suisun Bay had a diverse composition and were not dominated by forms within one size
class (e.g. Fig. 8b). However, as the summer maximum developed in 1978, netplankton constituted
a growing proportion of total phytoplankton biomass. Between July and September 1978, over
80% of the particles comprising the chlorophyll a maximum of Suisun Bay (Fig. 12a) were larger
than, 22 # (Fig. 12b). Both upstream and downstream of this chlorophyll maximum, the relative
importance of netplankton diminished in more diverse phytoplankton assemblages. Microscopic
. examination revealed that these large netplankton populations were dominated by several species
of neritic diatoms (mainly Thalassiosira [Coscinodiscus] excentricus, Skeletonema costatum and
Chaetoceros spp.), and that frustules of these diatoms were coated with a,dense layer of clay-size
lithogenous material. Adsorption of inorganic particulates onto the silica surface of diatoms is pro-

~ bably governed by the same physicochemical factors that cause aggregation of suspended particu-
lates in estuaries (e.g. Meade 1972;,Edzwald et al. 1974; Krone 1978; Zabawa 1978), and clearly
is a dominant force in the creation of the phytoplankton maximum in Suisun Bay (Arthur and Ball
1979). Just as dense inorganic particulates accumulate in an estuafine circulation cell (Meade
1972), rapidly-settling diatoms sink into the landward-flowing bottom density current before they
can be transported away from Suisun Bay in the surface layer (Fig. 9).

A numerical model of phytoplankton population dynamics in the northern reach (J. Cloetn

I I

Delta Outflow
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40 + \ Chl a t 2500I \ .! I.-
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0                                                0
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Fig. 11. Historic Delta outflow (from USBR, Sacramento, Calf.) and chlorophyll a concen-
ace waters of Suisun Bay, May1972 to December 1973 (USBR et al. 1977).
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Fig. 12. Longitud~N profiles of surface chlorophyg a (A) ~d size distribution o
plankton (B) ~ the San Francisco Bay system, 19-20 September 1978. See Fig. 8 for det~

20] Chlorophyll alo (pg/~)
0

Fig. 13. Distribution of chlorophyll a in surface waters of Grizzly Bay, 13 July
some stations, concentration ~g-atoms’liter-1) of dissolved nitrate + nitrite (top numb
monium (bottom number) are also given.
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and R. Cheng unpublished data) suggests that the physical accumulation of diatoms by gravita-
tional circulation is not sufficient in itself to create the very large phytoplankton densities ob-
served in the channel of Suisun Bay. Rather, it is the presence of an estuarine circulation cell in the
vicinity of shallow areas where algal growth is rapid that accounts for the high chlorophyll a
concentration seen in Suisun Bay. This hypothesis is supported by the observations that phyto-
plankton densities are consistently higher in the shallow Grizzly Bay than in the Suisun Bay
channel (e.g. Fig. 13), and that during summers of unusually high or low Delta outflow (when the

t null zone is moved downstream or upstream from the Grizzly-Honker Bay shallows), phytoplank-
ton standing stocks are relatively low (Arthur and Ball 1979; Ball and Arthur 1979).

Although phytoplankton standing stocks are typically large in Suisun Bay, net rates of auto-
trophic carbon assimilation are apparently lower in the Suisun Bay channel than in other parts of
the Bay system. During March and August 1976, mean chlorophyll a concentrations were four to
five times higher in the Suisun Bay channel than in Central Bay, but areal productivity (i.e. rate
of photosynthetic carbon fixation averaged over the day and depth of the water column) was up
to 10 times higher in Central Bay than in the channel of Suisun Bay (Table 1). The low net pro-
ductivity in Suisun Bay seems attributable to the fact that its extreme turbidity restricts the photic
zone to a shallow depth, especially since primary productivity is inversely related to extinction co-
efficient (Table 1). These results suggest, again, that large phytoplankton densities in the channel
of Suisun Bay are not a consequence of rapid population growth there.

TABLE 1. MEAN PRIMARY PRODUCTIVITY P (gC-m"2 -d"t ), CHLOROPHYLL A
CONCENTRATION (#g-liter-1 ) AND EXTINCTION COEFFICIENT e (m"1)

MEASURED AT THREE LOCATIONS IN SAN FRANCISCO BAY
(DATA FROM COLE AND HERNDON 1979)

March 1976                      August 1976
Location

P Chl a e n* P Chl a e n*

Central Bay 0.52 4.6 1.0 4 0.93 2.7 0.7 2
Suisun Bay .05 22.5 9:0 3 .26 10.8 3.4 2
South Bay .38 2.4 1.3 2

* number of observations

PERSPECTIVES FOR FUTURE RESEARCH

The capability of San Francisco Bay waters to support or promote the growth of planktonic
populations is continually altered by effluents from power generating plants, sewage treatment
facilities, chemical, petroleum and other industries, surface runoff from agricultural and urban
areas, and oil spills. Further, physical characteristics of San Francisco Bay that affect plankton dy-
nanlics (temperature, salinity, concentration of suspended particulates, bathymetry and circulation
patterns) change in response to man’s activities. Clearly, a detailed understanding of man’s impact
0n plankton dynamics (and, hence, dynamics of other phenomena in the water column) will not
M attained until the relationships between important physicochemical factors and phytoplankton
growth are better def’med. The capability to forecast even gross changes in the density and compo-
tition of phytoplankton populations will only be attained if basic studies are implemented that
~ave as major objectives the description and interpretation of natural changes in the phytoplank-
to,n community. Our ability to predict the impacts of major perturbations, and our understanding
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of the variable success of fisheries, will certainly be restricted until such studies are initiatel
Future research programs should give a high priority to basic ecological investigations th~

attempt to define geographic areas of significant algal carbon assimilation and determine whic
algal species (or functional groups) are the important primary producers in San Francisco Ba!
Most work in the Bay system has been confined to study of surface waters of the main charme
But the limited field work done outside the channel, and results of modeling studies (Cloem 1978
have demonstrated that shallow waters of San Pablo, Grizzly and Honker bays may be the sites �
significant autotrophic productivity and population growth by planktonic algae; the same may t
true for the shallow areas of South Bay. An intensive effort is needed to measure rates of carb(
assimilation both in the waters of the channel and in the shallows, over an annual cycle, to dete
mine the importance of productivity over shoals to the total autotrophic assimilation of carb~
within the Bay system. Related studies are needed to define the relative contribution of differe
communities of planktonic algae to total productivity. Results of previous studies have shown cc
siderable spatial and temporal variation in the relative biomass of nanoplankton and netplanktc
But no attempt has yet been made to measure the contribution of different size fractions to to
community productivity, and no attempt has been made to determine the relative significance
fresh-water, brackish, and coastal plankton, all of which exist within the Bay system. The exp
sire tidal flats around the perimeter of San Francisco Bay apparently support a considerable t
mass of epibenthic diatoms (F. Nichols pets. comm.). Autotrophic production by this assembl
may be an important source of reduced carbon for benthic invertebrates and ultimately vertebJ
predators, but the relative importance of this contribution is yet unknown.

A second major thrust required from the research community is an effort to trace the fat,
organic carbon produced in the estuary and to quantify the relative importance of phytoplank
productivity for other trophic levels, especially those having economic value or ecological sig
cance. Central to this effort is the need to integrate results of studies that measure rates of spe,
processes into a budget of organic carbon transfers in San Francisco Bay. Particularly impor
processes that require measurement include: (I) the rate of in situ autotrophic production by ]
toplankton and benthic algae; (2) rates of exportation to the sea and importation of allochthoJ
plankton and detritus from both coastal waters and tributaries; (3) rates of accrual to the
ments; (4) the rate of bacterial decomposition (mineralization of organic carbon to CO~) i~
water column and sediments; (5) the rate of transformation of particulate carbon to dissolve
ganic carbon; (6) the rate of organic loading from waste discharges; and (7) the rates of ener~
material flow along important pathways between producers and consumers.

Some of these processes have been quantified in San Francisco Bay (see for example Pet
1979 and Spiker and Schemel 1979), but plankton ecologists have made little progress in s~
of trophic dynamics. Particularly important unanswered questions relate to the interactioJ
tween phytoplankton and their consumers (presumably zooplankton and benthic inverteb~
and the link between herbivores and the ultimate consumers that are harvested. Storrs
(1964), Painter (1966), Heuback (1969), USBR (1976), Siegfried and Knight (1976) and O1
Knutson (1979), in their studies of the northern reach, demonstrated that zooplankton are t
tous, that composition of the zooplankton community varies temporally and spatially, an
large standing stocks (~ 5 x 104 crustaceans-m-z) are common. A. Hutchinson (pers. corer
measured densities of the copepodAcartiaclausi (all life stages) as high as 15 x 104 individu~
in South Bay. We know, then, that zooplankton are abundant in the San Francisco Bay s
but we know nothing about the importance of zooplankton in controlling phytoplankton !
tion growth and species composition. Laboratory studies of Rielunan et al. (1977) sugg~
selective grazing of netphytoplankton by A. clausi alone may account for the small biomas~
toms observed in South Bay during 1978. Hutchinson (pets. comm.) also observed that, a
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Iouth Bay waters contain large numbers of microzooplankton (tintinnid ciliates and rotifers)
~vhich, presumably, graze selectively on the microflagellates. A sustained effort is needed (1) to

~whef~me the impacts of the zooplankton community .on regulating the size and composition of
ytoplankton populations in the Bay system and, in turn, (2) to def’me the relationships be-
een phytoplankton abundance and composition and the fluctuating population dynamics of the

zooplankton. The impact of benthic filter.feeders has not yet been considered, although their high

t nsities on mudflats of San Pablo and South bays (Nichols 1979) suggest that they may be very
portant regulators of phytoplankton standing stocks over the shoals.

Of particular interest in the northern reach and Delta is the relationship between algal pri-

~gary productivity and the success of fisheries, especially the valuable striped bass (Stevens 1979).
e know that planktonic invertebrates, primarily the mysid Neomysis mercedis (Orsi and Knutson
79) and copepods, are an important food source for larval and juvenile fishes, and that phyto-

91ankton are an important component in the diet of these zooplankters (e.g. Kost and Knight75). The correlation between fluctuations in the abundance of striped bass and Delta outflow
tevens 1979) may be an indirect consequence of the relationship between Delta outflow and

standing stock of phytoplankton in Suisun Bay. So, a link between phytoplankton and fisheries

IrYnamics is probable but not quantified. We do not, for example, know what rates of autotrophic
oduction are required to optimize the yield of fisheries. Although we do know that netplank-

tonic diatoms are important in the diet ofNeomysis mercedis and herbivorous copepods, we dolt know if the large standing stock of netphytoplankton in Suisun Bay during summer is a pre-

quisite for the survival of juvenile striped bass. Therefore, we cannot yet forecast the impacts of
tential shifts in the species composition of phytoplankton on fisheries.

Similar questions can be asked of the importance of phytoplankton in Central Bay and San
Bay to the success of the dungeness crab. Crab larval stages are common in coastal waters

Francisco, and first-yea~ crabs utilize San Pablo Bay as a nursery ground (Tasto 1979).
Identification of those planktonic algae that are required by crab zooeae, and determination of

factors that regulate primary productivity of these phytoplankters may offer
clues to the solution of the problem of declining dungeness crab catches along central
over the past 15 years (Tasto 1979).

Finally, basic research is needed to determine which physicochemical factors are most
*ortant in regulating the composition and productivity of phytoplankton populations in San

Bay. Growth rates of algal cells are governed by light intensity, temperature, water
chemistry (including salinity levels and nutrient and toxin concentrations), while population

result from the net balance between rates of growth, transport and losses. Results of past
allow us to make gross generalizations about interactions between physicochemical factors

phytoplankton population growth, but we require a higher level of understanding before a
capability can be attained. Results of past surveys indicate that light availability (in-

surface irradiance, water transparency and ratio of photic depth to mixed depth) is a
factor that limits the growth of planktonic algae in the Bay system. Concentrations of
phosphate and silicate consistently exceed levels that limit algal growth (Peterson et al.

Conomos et al. 1979), but inorganic nitrogen (nitrate plus ammonium) fell to relatively
(< 1/~g-atoms.liter"1) in Suisun Bay during the summer phytoplankton maximum of

and Peterson 1975), and dissolved ammonium disappeared in Grizzly Bay during
of summer, when inputs of nitrogen are relatively small and algal densities are large, low
concentrations may override light availability as a limiting factor for algal growth. We

very little about the existence of toxins and their impacts on phytoplankton population
And our understanding of the interactions between physical forces (including algal settling
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rates, estuarine circulation, longitudinal advective-dispersive processes, and rates of exchange
tween water masses of the main channel and lateral shoals) and phytoplankton population dy
mics is primitive. Answers to these difficult questions are required by decision makers to pe
wise choices concerning proposed major perturbations (the Peripheral Canal, for example,
alter the flow regime, salinity distribution, and turbidity of waters in the northern reach;
San Luis Drain will increase nitrogen concentrations near Suisun Bay), and they will come o~
from long-term ~terdisciplinary studies based upon cooperative efforts of hydrodynamici
biologists, chemists and geologists.
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PLANKTONIC CHLOROPHYLL DYNAMICS IN THE NORTHERN
SAN FRANCISCO BAY AND DELTA

MELVIN D. BALL AND JAMES F. ARTHUR
U. S. Bureau of Reclamation, 2800 Cottage Way, Sacramento, California 95825

Diatoms were the dominant phytoplankters throughout the Sacramento-San
Joaquin Delta into San Pablo Bay during 1969 through 1977. Green algae sel-
dom exceeded 20% of the total. Chlorophyll a concentrations seldom exceeded
6 #g-liter"1 at the most upstream station in the Sacramento River, the major wa-
ter source to the Delta, except during the 1977 drought when 40/~g-liter"1 was
measured. Conversely, peak summer chlorophyll concentrations entering the
Delta from the San Joaquin River were the highest (100-350 #g-liter"~ and were
inversely related to riverflow. During spring through fall, export pumping from
the southern Delta caused a net flow reversal in the lower San Joaquin River,
drawing Sacramento River water across the central Delta to the export pumps.
The relatively deep channels and short water residence time apparently resulted
in the chlorophyll concentrations remaining low from the northern Delta and in
the cross-Delta flow to the pumps. Chlorophyll concentrations in the shallower
eastern Delta sloughs and channels were often quite high and variable. Western
Delta spring blooms reached concentrations of 25-50/~g-liter"~. Spring blooms
of 30-40 and summer blooms of 40-100 gg-liter"~ were observed in Suisun Bay.
The entrapment zone location adjacent to the shallows of Suisun and Honker
bays appears to increase the Suisun Bay phytoplankton standing crop. Chloro-
phyll a concentrations in Suisun Marsh generally peaked to 40-100 #g-liter"x in
the late spring except during 1977. Chlorophyll levels in central San Pablo Bay
seldom exceeded 6 #g’liter"1, although blooms as high as 40 gg-liter"~ were ob-
served in the northern shallow portion of the Bay.

Percent chlorophyll a (of the total chlorophyll a plus the pheo-pigments) in
near-surface water generally varied from 50-80% during the spring-fall months
throughout most of the study area. Upstream of the entrapment zone, percent
chlorophyll a near the bottom averaged about 5% lower than that near the
surface. Downstream of the entrapment zone, percent chlorophyll a was as much
as 40% lower near the bottom.

Phytoplankton are important primary producers in the estuarine environment since they
form the base of the water-column food web. However, in many aquatic environments, high phy-
top~ankton concentrations can cause oxygen concentration reductions to a point detrimental to
ifigher aquatic organisms. High phytoplankton levels can also adversely affect water supplies, or

aesthetically undesirable environments. In the study area, phytoplankton problems have
negligible, with the exception of the southern and eastern Delta.
In this chapter we summarize results of a cooperative multiagency study of phytoplankton

measured as cMorophyll, in the Sacramento-San Joaquin Delta, Suisun Bay, Suisun
and San Pablo Bay during 1969 through 1977. We discuss, in particular, factors influencing

biomass distributions, occurrence and distribution of dominant phytoplankton
the chlorophyll - pheo-pigment relationships.
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This coordinated monitoring program is one of two major studies involving routine c
phyll measurements in the Sacramento.San Joaquin Delta Suisun Bay area (Arthur an~ Ball °
The other study was conducted during 1966 and 1967 by California Departments of War
sources (DWR) and Fish and Game (DFG) at 10 stations throughout the Delta and Suisu
Only total chlorophyll (chlorophyll a+b+c not corrected for pheo-pigments) measuremenl
reported (California DWR and DFG 1972).

Previous water quality studies in the system were prepared by the U. S. Bureau
tion (USBR 1972, 1974) for 1968-70 data. The 1969-74 chlorophyll data were evah
(1975, 1977).

Phytoplankton chlorophyll analysis, a relatively rapid and quantitatively accura~
determining the total phytoplankton standing crop, can be directly related to total phytopl
carbon with conversion factors determined in any g~ven study (Strickland and Pa sons

THE STUDY AREA

The Delta, with over 1,100 km of waterways, is formed by the confluence oftt Sa,
to and San Joaquin rivers (Fig. 1). The Sacramento River sys, tem contributes approx
of the freshwater entering the Delta, and the smaller San Joaquin River system contz
15%. The remaining flow (5%) is primarily from the smaller streams entering the easter

During spring through fall, southern Delta pumping by the USBR and DWI fo~
in the Delta-Mendota Canal and California State Aqueduct generally exceed the San Joaqt
flow, drawing most of this water to the pumps. This combination of low flow and export I

i A. NOT.ERN DELTA
S. SOUTHERN DELTA

Fig. 1. Study ~ea, subarea~, ~d sample site locations.
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Fig. 2. Typical Delta summer net flow patterns. Note the reverse flow in the San Joaquin
River system toward the export pumps. (From Ball 1977).

causes a net flow reversal in the lower San Joaquin River and draws Sacramento River water across
lhe central Delta to the export pumps (Fig. 2). The water residence time from the northern Delta
to the export pumps during periods of high summer export is only a few days.

Because of unmeasured inflow in several minor streams, consumptive water use within the
i~lta, and tidal current action, the net inflow to San Francisco Bay has not accurately been mea-
tared (Conomos 1979). Instead, an estimate termed the Delta Outflow Index (Sacramento and San
10aquin River flow less export and consumptive use [see Arthur and Ball 1979] is computed daily
for ttmditions°Perati°nSmay of be theas great stateas~an+d.._30federalto 60 mW~ater-see-’-P~r°jects’. This error during typical summer outflow

:. ~-~ The quantity of river inflow to the Delta is important to phytoplankton growth in that
nutrient concentrations, affects water transparency, determines water and phyto-

residence times, and regulates the extent of salinity intrusion and the location of the
zone. These and other factors all interact to determine the quantity and quality
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of the phytoplankton.

Environmental Factors

Water and/or phytoplankton residence time, nutrients, temperature, and light are th~
factors interacting and influencing the algal standing crop. Other factors such as toxic ma
zooplankton, zoobenthos and algal parasites may also have inhibiting effects on the algal
rate but are not discussed.

The residence time of water varies greatly throughout the study area. During wintc
river inflow rates greatly shorten residence times as compared to the summer, when export
are more significant. Geographic effects also modulate water residence time. For example,
Delta dead-end sloughs have very long water-residence times, whereas major tributaries ha~
residence times. Currents generated by tidal and wind action also influence residence

Water residence time and degree of vertical and horizontal mixing are very influentia
algal growth rate, standing crop, and the bloom development. High algal growth rates occu
there is sufficient light penetration relative to the water depth. Assuming other growth
equal, the longer the phytoplankton remain in areas of high relative light penetration,
the standing crop that will develop.

Certain species of phytoplankton tend to accumulate in the entrapment zone as a
two-layered flow (see also Arthur and Ball 1979). This phenomenon increases their reside
over that of the water.

There are great seasonal and spatial variations in the nutrient concentrations (USt
1974). During summer, highest concentrations of inorganic nitrogen typically occur in
sloughs and near agricultural drains and sewage effluents. Lower concentrations tend
in the western Delta and San Pablo Bay. During winter, river inflow largely controls concc
of inorganic nitrogen, phosphorus, silica, and other nutrients required for algal growth
Peterson 1979; Conomos et al. 1979).

Results of past studies have demonstrated that nitrogen typically was the most lfi
trient and was often depleted during algal blooms. Phosphorus and the micronutrients w~
present at sufficient levels to cause higher algal growth .concentrations when additiona
was supplied to the water in laboratory test (USBR 1972).

Seasonal increases in incident solar radiation (insolation) and water transparency
crease algal growth rates. Incident sunlight in the Delta is approximately five times gre
summer than in winter (Fig. 3A). As the water transparency is generally greater during f
low-flow period than during the winter high=flow period (see Arthur and Ball 1979),
ante of these parameters increase in the summer algal growth rate severalfold.

The temperature increase from winter to summer (Fig. 3B) also has a profound ~
gal growth rates. The growth rate of most planktonic algal species can increase 2 to 4
each 10°C temperature increase, until the optimum temperature (about 20 to 25° C; F,
reached. Additional increases above optimum cause rapid growth rate decline.

METHODS

The sampling sites in our study area are grouped into various subareas (nor
southern Delta, eastern Delta, western Delta, Suisun Bay, Suisun Marsh, and San P~
simplify discussion (Fig. 1). The boundaries are based on geographical location and on
seasonal phytoplankton growth patterns. Sampling frequency typically varied from tv
and data for nearly 70 sites studied through 1974.
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Fig. 3. A. Mean monthly solar intensity (insolation) measured at Davis, California for the years 1969-1974. B. Water temperature at
Jersey Point (site D 14) for the years 1969-1974. Data from the routine monitoring program. (FrOm Ball 1977).
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All samples, unless otherwise stated, were collected using submersible pumps or Van
type water bottles within approximately 1 hour of the time of high slack tides (except in th~
em and southern Delta) and approximately 1 m below the water surface. Chlorophyll a and
pigment sample volumes ranged from 0.1 to 1 liter. Sample handling and f’dtrations were ace,
to the methods of Strickland and Parsons (1968) with modifications described by Ball (

The accuracy of the chlorophyll a measurements following May 1970 is probably
+10%while the accuracy of the measurements made prior to that date is slightly lower.

Phytoplankton samples for identification and counting were stored in glass bottles c~
ing 1% Lugol’s solution, and at times, stored up to two years before analysis. The sampk
identified and counted by several persons using inverted microscopes and various types of.,
chambers, including 3.2-rnm deep specially designed chambers and the standard Utermoh]
her. The organisms were identified and enumerated to genus except for a few easily "rec~
species.

DOMINANT PHYTOPLANKTON GROUPS

The dominant genera varied with time of year and location in the estuary. The diato~
Bacillarophyceae) dominated (cell number) the spring through fall algal community (Tab?
green algae (class Chlorophyceae) were the second most numerous group, and generally c~
ed less than 20% of the total count. In the dead-end sloughs of the eastern Delta, how~
green algae percentage was often higher. Cryptomonads (class Cryptophyceae) were occ:
dominant at some sites during winter. Cryptomonads,. dinoflagellates, and other flagell
were in high concentrations in low water velocity ar6as such as marinas and the StocI
Channel turning basin.

TABLE 1. DOMINANT GENERA OF PHYTOPLANKTON AND AREAS OF
OCCURRENCE DURING SPRING THROUGH FALL, 1969-19741

Area Dominant genera

Northern Delta Coscinodiscus, Cyclotella, Melosira

Western Delta Coscinodiscus, Cyclotella, Melosira, Skeletonema,
Stephanodiscus, Microsiphona

Suisun Bay Chaetoceros, Coscinodiscus, Cyclotella, Melosira,
Skeletonema, Stephanodiscus

San Pablo Bay Chaetoceros, Coscinodiscus, Cyclo tella,
Slceletonema

Suisun Marsh Coscinodiscus, Cyclotella, Stephanodiscus

:’~" Eastern Delta Coscinodiscus, Cyclotella, Stephanodiscus,
Melosira

!’. Southern Delta Coscinod~scus, Cyclotella, Stephanodiscus,
Melosira

~ From Ball 1977.
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GEOGRAPHIC AND SEASONAL CHLOROPHYLL DISTRIBUTIONS

The phytoplankton standing crop, def’med by averaged chlorophyll a concentration, indi-
cates that the major rivers contribute vastly differing amounts of chlorophyll a to the Delta (Fig.
4). Very low chlorophyll concentrations occurred in the Sacramento River water entering the Del-
ta whereas very high concentrations occurred in the shallower and smaller San Joaquin River. We
present these separately as each area has differing and complicating characteristics.

Average of available data from
the 196~B.1974 pe¢|od o| record

\

Fig. 4. Average chlorophyll a concentration from September 1968-1974. The area of each
circle is proportional to the concentration.

Northern Delta

Phytoplankton primarily enter the northern Delta from the Sacramento River. The Yolo By-
pass, containing mostly Sacramento River overflow, may contribute the greatest water discharge to
the Delta during high flow and flood periods (see also Conomos 1979).

Chlorophyll concentrations at Hood (C3), representing Sacramento River inputs, were uni-
f0rnaly low and seldom exceeded 6 ttg-liter"1 during the spring through fall months (Fig. 5). An im-
portant exception was the occurrence of a high phytoplankton standing crop during the 1977
drought year (spring and summer flow was less than one-half normal), which we think is the result
of longer water residence time.
:~ At Rio Vista (D24) the chlorophyll a concentrations seldom exceed 12 #g’liter"1 (Fig. 5).
l~ing typical summer low flow conditions the chlorophyll levels increased nearly twofold be-
tween sites C3 and D24.
~: Chlorophyll a concentrations below the confluence of the Mokelumne and Cosumnes
Avers (P2) were usually less than 3 ttg-liter"1 excepting years of very low or no flow (1972, 1976,
1977).
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" C3 Sacramento River ot Green s Landing

40

~ So- P2 Mo~elumne ~iver below ~osumnes River

~ 40

40                I               I
- D2~ ~ocromento River ot Rio Visto

Fig. 5. Typical chlorophyll a concentrations in the northern Delta.

Southern Delta

In contrast to the Sacramento-derived low chlorophyll concentrations, the levels in
Joaquin River (consisting largely of agricultural mad municipal waste water) entering tt
from the south were extremely high (Figs. 6A, B). The winter chlorophyll a concentratic
typically between l0 and 20/~g-liter"1 , whereas during summer, the concentrations were
of magnitude higher. The June and July (1969-77) chlorophyll a concentrations at Vem~
San Joaqnin River (C10) were inversely related to riverflow (r = -0.75; Fig. 7).

The standing crop of phytoplankton at site P8 (Fig. 6A) typically declined followi.~
blooms. Since average water depth at this site is the greatest of the southern Delta sites,tJ
concentrations during the spring (100 ttg.liter"1) prior to flow reversal in the San Joaq~
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=

Fig. 6A. Typical chlorophyll a concentration in the southern Delta.

~Uggest that phytoplankton produced in the shallow upstream portion of the San Joaquin River
may be transported to the site. Phytoplankton contained in the Stockton wastewater treatment
plaut effluent and other discharges may also influence the distribution.
~. Site P12 on the shallow and nutrient-laden Old River had consistently Mgher cMorophyll
Concentrations than any other Delta site (Fig. 6B). High phytoplankton levels (chlorophyll a # 200
~g’liter"z occurred in spring, reached peak levels during late spring or summer, and did not subside
~atil fall. Concentrations reached 350 #g-liter"z in the spring of dry years (1976-77). Most of this
IIighly productive, algae-laden San Joaquin River water is pumped into the Delta-Mendota Canal
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Fig. 6B. Typical chlorophyll a concentrations in the southern Delta (continued).

during low tides and is returned to the San Joaquin Valley instead of flowing into the

Eastern Delta
Initially the eastern Delta sites were chosen because of their close alignment with th

posed Peripheral Canal (a canal to convey Sacramento River water from the northern Delta
export pumps in the southern Delta for transport southward). Most of the sites are loca~
dead-end sloughs and have high chlorophyll concentrations.

The timing of maximum chlorophyll concentration was variable at these and other ,’
the eastern Delta and did not tend to follow seasonal patterns (Fig. 8). Of the dead-end ~’
studied, Sycamore Slough (P5) had the highest summer chlorophyll a concentrations (
#g-liter-]) and Hog Slough (P4), the lowest (35 ttg-liter"1).

Western Delta

Most of the western Delta sites are on the lower San Joaquin River system (Fig. 1) :
similar chlorophyll concentration patterns. Typically spring blooms peaking at 20-50 p
were followed by summer declines (Fig. 9). In some years a second peak occurred during
Spring blooms were not measured in 1969 and 1977 (years with extreme variations in ri~
see Fig. 16A, B).

Vertical chlorophyll a measurements made in 1973 were quite uniform between surf
depth) and bottom (0.5 m above the bottom) because of tidal mixing. The surface sample
trations averaged 1% higher.
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D15 Son Jooquin River al Jersey Poln|

~ 4~. D19 F~on~s Trac~

~22 S~cromen~o River ot Emmaton

Fig. 9. Typical chlorophyll a concentrations in the western Delta.

Suisun Bay

The timing of phytoplankton blooms and the level of standing crops in Suisun
Honker bays were highly variable (Fig. 10). The blooms were generally associated ~
dominant phytoplankton species than those found in the western Delta, and usually t
two areas at different times.

All sites in Suisun Bay had similar concentration patterns, with maximum valu,
/~g-liter"1) generally measured in August. During an extremely wet year (1969) only
peak was observed, whereas during 1976, a dry year, a late winter and a spring peak
no summer bloom occurred. No bloom was detected during the 1977 drought.

During phytoplankton blooms, the highest chlorophyll concentrations in the
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40- D6 Corquinez S~trai! al Martinez

8o~ D7 Suisun Soy at Grizzly Bay

U             1974              1975             1976             1977

Suisun Boy ot Honker Boy

eo~

1969 1970 1971 1972 197~

Fig. 10. Typical chlorophyll a concentrations in Suisun Bay.

occurred in waters having specific conductances of approximately 2-10 miJlimho]cm (1
% o salinity) or slightly higher (see also Arthur and Bail I979). Intensified sampling starting

1973 demonstrated that there were often severalfold differences between the chloro-
a concentration at surface and bottom (Fig. 11). Highest surface concentrations frequently
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R~O VISTA
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nity (2-10 m~mho/cm specific conductance is approximately l
Hdes at va~ous Delta outflow indices. (From Arthur and BaH 1978).

occurred downstre~ of the m~um ~ bottom waters.

Suisun Ma~h

M~um c~orophyH a con~ntrations gener~y occurred dung sp~g
dom exceeding 60-80 ~g-~ter"~. The season~ concentraHon patterns were
marsh. As for Suisun Bay, c~orophy~ concentrations ~ Suisun Slou~ were unusu~
1977 (Fig. 12).
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120
$42 Suisun Slou at Joice Island

I00.

.
80"

Fig. 12. Typical chlorophyll a concentrations in Suisun Marsh.

San Pablo Bay

The three sites in San Pablo Bay demonstrated significant yearly variations in chlorophyll
concentrations; however, both the temporal and spatial sampling frequency has been less than for
the other areas (Fig. 13). The greatest variation in chlorophyll levels among years sampled occur-
md at shallow-water site D40. The highest concentration (38 #g-liter"1) was measured during
spring 1973 and occurred two months earlier than a similar concentration in Suisun Bay. Central
San Pablo Bay (D41) consistently had the lowest cMorophyll concentrations (seldom exceeding 7
vg-liter"1) for the entire study area.

CHLOROPHYLL - PHEO-PIGMENT RELATIONSHIPS

The percent chlorophyll a (of the total chlorophyll a plus pheo-pigments) was generally in
the range reported by Yentsch (1965a, b) and Spence and Steven (1974) for other productive ma-
jor water bodies. Typical levels were 50 to 80% (20 to 50% pheo-pigrnents) between springand fall
for most areas except in some of the dead-end sloughs, where at times the percentages were quite
10w. Winter levels in much of the study area often dropped below 50%.

Furthermore, the percent chlorophyll a appeared to be highest during the algal bloom peri-
0ds and usually dropped I0 to 20% during the weeks immediately following the bloom peaks.
~ Surface and near-bottom sampling in the channels indicated the percent chlorophyll a levels

~re approximately 5% lower near the bottom upstream of the entrapment zone .(Fig. 14). In the
~h,~mels of Suisun and San Pablo bays, where salinity stratification occurred, the percent chloro-
¯ ~ylla levels were generally 10 to 40% lower near the bottom than the surface.

DISCUSSION

phytoplankton standing crop in the northern and southern Delta is greatly influenced
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by chlorophyll concentrations in river inflow (Fig. 4). Summer insolation and water temperat~
maxima largely determine the timing of the blooms (Figs. 5, 6A,B). The low chlorophyll level
the Sacramento River entering the Delta combined with the relatively short residence time re
in low levels in the northern Delta. In contrast, the very high concentrations in the southern 13
are promoted by the high concentrations entering the Delta in the San Joaquin River, the shal
hess of this portion of the Delta, and the high levels of agricultural and municipal wastewater
in inorganic nitrogen and phosphorus.

. D41 San Pablo Bay near Pinole Point
U

1969 1970 i971 1972 1973

Fig. 13. Typical chlorophyll a concentrations in San Pablo Bay.

In the central portion of the Delta, the relatively deep channels and short residence t
ated by reverse flow in the San Joaquin River (Fig. 2) apparently are primarily responsible
low chlorophyll concentrations. The central and western Delta would probably be mu
productive during the summer if the San Joaquin River water were not drawn to the expo]
but allowed to flow seaward.

The high concentrations in the eastern Delta reflect the long water residence time d"
sluggish circulation patterns, the high agricultural and municipal waste inflows, and the
water depths.

In the western Delta and Suisun Bay a more complicated series of interactions occ
two areas typically were dominated by different algal species and experienced peak ch
concentrations at different times of the year (Figs. 9, I0; Ball 1977). Also, the growff
for each area varied considerably from year to year. Summer insolation and temperatur
did not correspond to peak bloom periods in all years, such as in the southern Delta.
blooms did not occur in midwinter. We believe the following factors primarily
differences in phytoplankton abundance between years in these two distinct areas (]
1977; Arthur and Ball 1979): (i) average length of time phytoplankton spend in the
as influenced by the water transparency, (2) entrapment zone location (including sever
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COLLINSVILLE

Bay,
Sites

0 0

30- 10
60- March 21, 1974 20

Outflow Index 64,000 ft~ (1,800
-30

0
10

40 May 30, 1974 20
20,000 ft~ (570m~) -30

0
10

~) September 26, 1973 20
" 13,000 ft~ (370 m~)

° 10 Sur EC 2 -30
n- 0-~
" 10
c~ 20

90-
0
10
20
30
0

10

90-

Miles 2’0     3b     4~) ’ 5~0     6’0

Kilometers 30 4b 5’0 6’0 7’0 8’0 9b 100
R VER D STANCE FROM GORDON GAr 

Fig. 14. Percent chlorophyll a (of chlorophyll a plus pheo-pigments) in the Sacramento l~i-
Channel relative to surface salinity (2-10 millimho/cm specific conductance is approximately

high slack tides at various Delta outflow indices. (From Arthur and Ball 1978).

nutrient concentrations, and (4) transport of phytoplankton into the area.
~ a well-mixed system such as the western Delta, the proportion of time phytoplankton are in

~pends on the water depth and transparency. In addition, these factors control their
rate which influences the standing crop. The water transparency varies greatly from year to

appears to have directly influenced the phytoplankton growth rate and standing crop.
’Several environmental factors influence the water transparency: suspended particle
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concentrations in the water entering the Delta, particle flocculation and settling, waste discl
within the Delta, location of the entrapment zone (see also Arthur and Ball 1979), tidal cu
and wind-induced sediment resuspension, and possibly the resuspension and upstream transp
a portion of the winter sediment load deposited in the bays downstream. We do not unde~
fully the interaction of these factors.

The water transparency in the western Delta varies with river flow. During the wint,
spring flood-prone periods the transparency tends to be lowest and inversely related to the a~
of Delta outflow. During the spring months the outflow decreases and the water transp:
increases. The variation in water transparency during spring from 1969 to 1977 appeared
influential on the development of the spring phytoplankton blooms. Earlier spring bloom
opment and relatively higher chlorophyll a concentrations occurred during years of greate~
transparency (Fig. 15; Ball 1977). During summer months, the transparency in the westen
tends to be directly related to the amount of outflow as the entrapment zone moves upstrea

cm
25                      30                     35                       ~0                      .45                      50

¯= .53
30-

25-                                e76

20-                                                       e72a                                                    ¯ 73

~ 15- oTi

~ 70o ¯ 74

o 10-

e75
5-                                 e77

Secc~{ disc depffl-inches

Fig. 15. Relationship of the average April and May chlorophyll a concentrations
transparency in the western Delta. Averages are for sites D11, D12, D14A, D15, and D19.

this area and wind velocities are at their peak. The phytoplankton populations also declil
summer. Although water transparency values may be representative for the time ofmeas
the great reductions in transparency due to tidal current- and wind-induced sediment rest
may make these averages questionable.

Water source and algal residence time may also influence phytoplankton standing c
water source during late spring through early fall is primarily the Sacramento River which
has low chlorophyll concentrations. In contrast, San loaquin River water with several
chlorophyll concentration is drawn to the export pumps in the southern Delta. During t
of the San Joaquin River in 1969 the flow reversal did not occur until midsummer, and t]
midsummer chlorophyll concentrations ever measured in the western Delta may have pa
ginated in the southern Delta.

Inorganic nitrogen normally is the nutrient that at times limits algal growth in the :
(USBR 1972). Measurements in the western Delta and Suisun Bay indicated prior to
blooms sufficient nitrogen was available to support higher algal concentrations than were
In most years during spring blooms, nitrogen was depleted to limiting (< 0.02 mg"
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near-limiting levels at many sites. The greatest nitrogen limitation was observed in 1971, aye
~N~ith high water transparency. In 1971 the spring blooms in these two areas generally deplet

the nitrogen to limiting levels and subsequent phytoplankton growth depleted nitrogen fro
the inflowing water until fail. Chlorophyll concentrations were at lowest recorded levels duri
1977, except near Antioch (D12) and Emmaton (D22), the approximate center of the entr~
ment zone during that time. Also, inorganic nitrogen concentrations remained near winter hJ
levels.

It is difficult to determine which are the dominant factors that develop and maintain pt
toplankton blooms in the Suisun Bay area (Ball 1977). The highest chlorophyll peaks betwc
1969 and 1977 were measured during the period of maximum water temperature (23 to 25c
and slightly after the period of maximum insolation. These data suggest that high water te
peratures and solar radiation levels stimulate the phytoplankton growth rate to produce h
level standing crops. However, low standing crops occurred during July-September of 19’
1975, 1976, and throughout 1977. These differences indicate that high standing crops will oc,
only if factors in addition to insolation, water temperature, and available nutrients are favora
for growth.

Prior to 1976 we believed that the Suisun Bay phytoplankton standing crop was directly
lated to the water transparency and indirectly related to Delta outflow (Ball 1975). But, while
1976 and 1977 summer water transparencies were nearly double those of the previous seven yc
and the outflows were at record lows, only a late winter and a spring bloom developed in 1976 ~
no bloom occurred in 1977. This pronounced inconsistency with preceding trends prompted .’
cial studies in 1977 which evaluated all possible factors influencing phytoplankton standing c
(see also Arthur and Ball 1979).

It became apparent that chlorophyll a concentrations above 20 ttg-liter-~ (Figs. 16A,B)
veloped only when the Delta outflow was between about .700 (25,000) and 110 m3-s-~ (4¢
ft3-s"~). Below about 110 m3-s"1 (4,000 ft3-s"1), the standing ’crop either declined or rem~J
low.

The tidally-averaged location of the entrapment zone is adjacent to the shallows of
Suisun-Honker Bay area when the outflow varies between 110 and 700 m~-s"~. Such a loca
appears to provide the potential for a high phytoplankton standing crop if other environme
factors are favorable (hypotheses are discussed by Arthur and Ball 1979).

The shallowness of Suisun Marsh may promote relatively high chlorophyll concentrat
and minimize the growth-limiting effects of high water turbidity. Because the salinity distfibu
is similar to that of Suisun Bay, many of the factors influencing growth there are probably pre
in Suisun Marsh. The few available nutrient data indicate that inorganic nitrogen is :deplete
limiting conditions during periods of high phytoplankton standing crops.

We do not know which factors most control phytoplankton growth in San Pablo Bay.,
Suisun Bay, estuarine circulation and nutrient limitation undoubtedly influence growth (see
Cloern 1979).

The 1977 drought year has provided us with interesting but puzzling findings. Are:
the southern and northern Delta experienced two- to six-fold increases in summer chioro.
concentrations, respectively, whereas the western Delta, Suisun Bay and Marsh experie
two- to four-fold reductions. The increases are apparently due to increased water residence
and nutrient buildup during that period. The decreases in the western Delta and Suisun
are apparently caused by the landward migration of the entrapment zone (Arthur and Ball 1’
The cause of the chlorophyll a decrease in Suisun Marsh is unknown, but may also rela
salinity intrusion.
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THE BENTHIC ALGAL FLORA
OF CENTRAL SAN FRANCISCO BAY

PAUL �. SILVA
Department of Botany, University of California, Berkeley, CA 94720

The benthic algae of San Francisco Bay received only sporadic attention prior
to 1968. The present account, based on a sustained program begun in 1968, is
the first publication devoted entirely to the Bay flora.

The Bay offers a diversity of habitats ranging from moderately exposed to
fully protected. The absence of fully exposed sites precludes those species that
are restricted to such situations on the outer coast.

The benthic algae of the Bay constitute a large biomass, the bulk of which at
any particular site is composed of an abundance of luxuriant plants belonging to
only a few species. Those species found throughout the Bay flourish at least to
the extent that they do on the outer coast. Cryptopleura violacea and Polyneura
latissima are more abundant and luxuriant in the Bay than on the outer coast.
On the other hand, many species that barely penetrate the Bay are less abundant
and well developed than in physiographically similar sites on the outer coast.

The benthic algal flora of the Bay comprises about 170 specific and infraspe-
eific taxa, a number that ranks the Bay, when considered a single locality, as fair-
ly rich. The presence of at least 30 protected-water forms compensates for the
absence of those outer-coast species that are nnable to penetrate the Bay. The
richest localities are Fort Point, Lime Point-Point Cavallo, and Point Blunt (An-
gel Island). Almost all major orders and families of the outer-coast flora of cen-
tral California are represented in the Bay, although many common outer-coast
species are absent. The major floristie component (at least 53%) is constituted
by outer-coast eool-temperatate species endemic to Pacific North America. The
second largest component (about 26%) is constituted by species with wide distri-
butions, especially in the Northern Hemisphere. The warm-water element is neg-
ligible. There are at least two recently introduced weeds (Sargassum muticura
and Codium fragile subsp, tomentosoides).

Protected-water species are limited to mudflats, marshes, yacht harbors, and
commercial port areas without regard to distance from the Golden Gate. Outer-
coast species, on the other hand, generally have ranges extending inward from
the Golden Gate to varying distances. Groups of species characteristic of the
upper, middle, and lower intertidal zones, respectively, on the outer coast all ex-
hibit the same spectrum of ability to penetrate the Bay. The association of spe-
cies characteristic of the sanded-in habitat on the outer coast exhibits this same
spectrum.

The varying degree of penetration of the Bay by outer-coast species is in large
part related to the salinity gradient extending from the Golden Gate to Point
San Pablo, but precisely which aspects of salinity are limiting for individual spe-
cies remains to be demonstrated. Wave action has a similarly oriented g~adient
and may restrict certain species to the extreme western part of the Bay, although
most species occur in less exposed situations within the Bay than on the outer
coast. Variation in temperature in the central Bay can be assumed to have a ne-
gligible effect on the distribution of outer-coast species since the great majority
have ranges extending over many degrees of latitude. The unusually !ow and high
temperatures that occasionally obtain in marshes and mudflats, especially in the
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northern and southern reaches of the Bay, preclude all but eurythermal forms in
those habitats. The Bay offers a wide variety of substrates so that this factor is
not limiting except in the case of the sanded-in habitat. Nutrients are maintained
at a sufficiently high level to eliminate them as a factor affecting distribution of
outer-coast species within the central Bay. Turbidity is probably not a factor in
excluding outer-coast species from the central Bay, although heavy silting of the
intertidal zone may have local adverse effects. As far as benthic algae are con-
cerned, the central Bay, with the exception of the port area of San Francisco
from Aquatic Park to the Bay Bridge and the Berkeley-Richmond shore, is rela-
tively free from deleterious effects of urbanization.

HISTORY OF PHYCOLOGICAL RESEARCH IN SAN FRANCISCO BAY

San Francisco Bay! The mere mention of the name evokes a deep emotional respon:
countess persons. The Bay area, with its equable over-all climate and cluster of intriguing n"
mates, exceptional scenic beauty and diversity, nearness to an abundance of a large variety ~
ral resources, strategic position in relation to the vast agricultural lands of the Central VaE
its romantic history, is internationally known and loved. Within California, San Francisco
exceeds in size and economic importance all other estuarine and lagoonal areas~combined. Thu
one may calmly accept the fact that little is known about the biology of estuaries in gene=
pared to that of the outer coast, it is startling to discover that no comprehensive account of
line flora of San Francisco Bay has ever been published. This situation seems even more.
when it is realized that two major universities, the University of California (Berkeley) and ~
University, both renowned for their contributions to our knowledge of marine biology, are
close to the shores of the Bay. A brief historical review will clarify, if not justify, the short

Just as San Francisco Bay lay concealed from the eyes of European explorers for m
two centuries after the outer coast of California had been tentatively charted, so-did its
neglected long after the seaweeds of Pacific shores were reasonably well known. True,
various 19th century voyages of exploration anchored off the Presidio or in Yerba Buena
the lee of Loma A1ta (Telegraph Hill), but only one instance is known in which the natm
board sampled the seaweeds along the shore. H.M.S. Blossom under the command of Cap
derick William Beechey was in the Bay from 7 November to 28 December 1826, and a~
short period beginning 17 November 1827. The naturalist (George Tradescant Lay) and
geon (Alexander Collie) are said to have collected algae at San Francisco (Papenfuss 1976~
specimens themselves (originally deposited at the Royal Botanic Gardens, Kew, but later
ed to the British Museum [Natural History], with some duplicates at Trinity College, D
not support this statement. In view of my present knowledge of the flora of the Bay, I
that few of the Lay & Collie specimens represent species or portions of morphological ~
species likely to be found in a cursory sampling along the north shore of San Francisc,
other hand, all of their specimens can be matched by plants growing either near the P
Monterey or near the Mission San Carlos Borromeo at Carrael, sites also visited by Lay &

H.M.S. Sulphur under the command of Captain Edward Belcher visited San Fran
from 19 October to 30 November 1837, and again in September 1839. In this instant
unequivocal evidence that one of the surgeons (Andrew Sinclair) collected algae there, p~
between Telegraph Hill and Fort Point, but possibly farther west. Sinclair’s collections
with a few collections made on the Monterey Peninsula by David Douglas, a Scottish
explorer employed by the Horticultural Society of London, formed the basis for asb
California seaweeds published by the eminent Irish phycologist William Henry Harvey (1
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list includes 14 species from San Francisco, 8 from Monterey, and 3 from both localities. Douglas
visited San Francisco in July 1831 and in November 1833. He is said to have collected at least one
alga there (Papenfuss 1976), but the specimens in question (originally sent to Kew) are labeled
merely "California".

The first American to collect California seaweeds for at least partly scientific purposes seems
to have been a New Yorker by the name of A. D. Frye, who boarded at Jones’s Hotel in San Fran-
cisco shortly after the Gold Rush. His collections, which were exhibited in New York in 1851 and
sent to Harvey in 1852, served as the basis for several new species (Harvey 1853, 1858). The prove-
nance was given as "Golden Gate", but the specimens provide presumptive evidence that Frye col-
lected on both sides of Fort Point and thus not entirely within San Francisco Bay as defined for
~purposes of the present account.

A Swedish botanist, Sven Berggren, visited San Francisco in 1875 in the course of a personal
excursion that included New Zealand, Australia, and the Hawaiian Islands. His collections of sea-

111    Domination of Western American phycology by Europeans came to a sudden end in 1895.
[]In that year William Albert Setchell, a prot~g~ of the illustrious cryptogamic botanist William Gfl-

z i~son Farlow of Harvard University, was brought to the University of California at Berkeley to de-
~’]__velop the newly established Department of Botany (Silva 1977). For the first time there was now a
a’~professional phycologist residing in California. No longer would specimens have to be sent to Euro-
tg~pean workers or even to Farlow. Setchell’s first collections in California were made along the Ber-
d| keley shore of the Bay, but except for repeated visits to Fort Point, his subsequent field experi-
’d~l~nce was largely limited to the outer coast. In view of his keen interest in the classification and dis-
~ln"0ution of marine plants, one can only surmise that even in that relatively pristine period the
~rtnud and quiet waters of the Bay could not compete with the clean sand and pounding surf of the

as an attractive area of study.
Setehell’s horizons eventually expanded beyond California, and he was caught up in a quest

to certain questions that took him to distant shores. Moreover, a proliferation of inte-
rests and administrative responsibilities left him little time for local problems. Fortunately for

in California, one of Setchel1’s students, Nathaniel Lyon Gardner, was invited in 1909
. join the faculty at Berkeley, where he became de facto an assistant to his former professor.

formed an efficient, productive team. Unlike Setchell, Gardner thought "small" and"pro-
to probe, scrape, and section his way into the poorly known world of microscopic marine

those forms that grow on and in other organisms. Although Gardner turned to the
5 km west of his laboratory-for much of his material, he did not systematically survey

Its flora.
The decades passed and the Bay underwent profound physical and biological alterations as

~hores became more highly populated. Much of this change was undetected, or if detected then
or if recorded then unassessed, since baseline data were not available. In fairness to a

g farsighted persons-Charles Atwood Kofoid in particular-it should be mentioned that in 1911
survey of the Bay was instigated by the University of California in cooperation with

University, the California State Fish and Game Commission, and the U. S. Bureau of
(see also Hedgpeth 1979). The survey, undertaken by the U. S. Fisheries steamer Alba-

in 1912-1913, was well intended but suffered from lack of support in the critical post-survey
None of the numerous samples was fully analyzed. The principal published results are the
on physical factors by Sumner et al. (1914), mollusks by Packard (1918a,b) and crusta-
Schmitt (1921) and Tattersall (1932).
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Substantial interest in the seaweeds of San Francisco Bay first arose during the past deca
concomitant with the development of a public awareness of our environment and its importa~
to our welfare. Impacts on the Bay-both anticipated, such as the laying of a sewage outfall
the Gulf of the Farallones proposed by the City of San Francisco in 1969, and actual, as
release of 3,200 m3 (840,000 gallons) of Bunker-C fuel off from one of two tankers that colli.
at the Golden Gate on 18 January 1971 (Conomos 1975)-brought into sharp focus the paucit3
in~’ormation on the Bay, especially its biota. In 1968, faced with an increased number and urge
of requests for data on the algae of the Bay, I converted a passing interest into a sustained prog
of observation and collection. The results constitute the basis for this chapter, in which I haw
tempted to characterize the benthic algal flora of the Bay with respect to abundance, luxuria
richness, diversity, habitats, geographic distribution, and environmental factors. While much
remains to be done, the main lines of the picture seem clear.

Of the meager material available from sources other than my own field work, men
should be made of collections by students at San Francisco State University, especially thos
James D. Ripley, who undertook a floristic and ecological study of Angel Island (1969). Rip
record of 55 species of marine algae constitutes the first and only such list for the Bay.

PHYSICAL SETTING

.The physiographic and hydrographic distinctness of San Francisco Bay as compared wit
outer coast is obvious, yet it is necessary not only to mention it but to elaborate on it in ore’
understand the striking differences between the benthic floras of the two areas. San Francisc~
is vast (ca. 1,240 km2 at mean high water) in relation to the narrowness of its opening to the
tic Ocean (the Golden Gate, only 1.7 km wide). It has an extensive shoreline (ca. 445 kin)
exceedingly complex hydrographically. The northern parts are estuarine, receiving large quar
of fresh water sporadically from the Sacramento-San Joaquin river system which drains the
Central Valley of California (Conomos 1979). In former times, there were two distinct pe~
discharge: one during the height of the rainy season (’December-March), the other in conjur
with snow melt (May-June). Today, however, the river system is programmed by engineers, s
not only is the discharge less regular, but the volume is markedly reduced by diversion of w~
south central and southern California by way of aqueducts. The southern part of San Fra
Bay is like a tidally oscillating lagoon, with large areas of marshland. Here the inflow of fresh
is slight, being attributable to creeks and to waste-water effluents. Salinity and temperat~
relatively high, especially in summer. Both northern and southern reaches of the Bay are s
and thus prone to fluctuation in environmental factors. In addition, both areas receive
mounts of industrial wastes, resulting in further environmental stress. In these quiet muddy
the benthic algal flora is reduced to a small number of species with broad physiological role
species that for the most part are represented in bays and harbors throughout the Nort
perate Zone.

The central part of the Bay (that area bounded by the Golden Gate Bridge, the San
co-Oakland Bay Bridge, and the Richmond-San Rafael Bridge) is relatively deep, the me
depth being 110 m at the Golden Gate, and is scoured each day by four tidal flows of high,
(see also Rubin and McCulloch 1979). This flushing action has a homeostatic effect on
of the central Bay, moderating the extremes of salinity and temperature (Conomos 19
lessening the adverse effects of pollution. Indeed, as one stands on the southwest shore
Island and looks to the left at the manhattanized skyline of San Francisco and to the figl
Golden Gate, listening to the waves break against a boulder beach interspersed with ele’
one experiences the exhilaration of seeing a vigorous intertidal biota within the collective
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of almost five million persons. Here is where the distinctive character of the algal flora of the cen-
tral Bay is underscored: why, at an ecologically diverse locality bathed by clean ocean water pour-
ing through the Golden Gate and splashing against the shore with considerable force-a locality
that even smells like the ocean rather than a bay-are so many outer~coast species missing? At first
glance, the intertidal flora looks rich, but closer examination reveals that the number of species is
not commensurate with abundance and luxuriance. It is this central part of the Bay that I have.em-
phasized in my research, primarily because my point of reference was the outer-coast flora, which
with very few exceptions does not penetrate the Bay beyond Alameda to the south and Richmond
to the north. Moreover, my studies have been restricted to the intertidal and uppermost subtidal
zones. The turbidity of the water, the muddiness of the bottom in shallow areas, and the swift
currents in hard-bottom areas make any diving program unattractive. If and when a suitable
combination of weather, sea, and personnel develops, however, diving will be attempted at such
potentially rewarding places as Alcatraz Island. Plants (often fragments) cast ashore at Bonita
Cove, Lime Point, and Fort Point provide evidence that at least a few unusual algae grow in the
deep waters adjacent to the Golden Gate. Some information on subtidal algae in the Bay has come
from dredging and trawling, but most of the stations sampled are in the northern and southern
reaches rather than in the central part.

INTERTIDAL HABITATS FOR BENTHIC ALGAE

The rocky shore from Lime Point, at the north pier of the Golden Gate Bridge, to Point
Cavallo supports a rich flora, including many species whose distribution in the Bay is limited to
this area or to this area and the south portal (Fort Point). The richness is partly attributable to the
relatively high degree of wave action along this shore. The complete protection offered by the
breakwater at Fort Baker provides local habitat diversity. Far fewer species are to be found on the
rocky shore between Point Cavallo and Sausalito, which incidentally is accessible only with diffi-
culty. The riprap, pilings, and floats of Sausalito provide substrates within a protected situation
comparable to Berkeley and the shore of San Francisco from the Yacht Harbor to Gas House
Cove. Richardson Bay is marshy, similar to much of the East Bay. The rocky points of the Tiburon
Peninsula facing Raccoon Strait along with the west and south sides of Angel Island and Alcatraz
Island benefit from the flushing action through the Golden Gate, allowing the development of a
relatively rich flora. Wave action at Point Blunt on Angel Island and on the southwest side of
Alcatraz Island is sufficient to cause the intertidal zonation to be skewed upward about a meter
compared with that of less exposed sites in the Bay. At Point Blunt, the presence of a fairly
well-developed sanded-in habitat with a characteristic assemblage of species accounts for an
~pecially rich flora. Pilings and floats at Tiburon provide local habitat diversity. The rocky east
tide of the Tiburon Peninsula is protected and thus supports a decreased number of species,
tlthough the presence of a small amount of sand at Paradise Beach causes that site to be relatively
rich. The area from California Point to San Quentin Point is marshy.

Returning to the Golden Gate, the shore between Fort Point and Crissy Field-with boulders,
sand, concrete, and wood-is one of the richest localities in the central Bay. The shore
San Francisco Yacht Harbor to Gas House Cove offers a variety of protected substrates,
pilings, floats, riprap, and cobbles. Fort Mason (Black Point) is surprisingly rich for a

small area. As at Point Blunt and Alcatraz Island, direct exposure to surf coming through the
Gate causes the intertidal zonation to be skewed upward about a meter. Aquatic Park

a sea wall for algal growth, but it is better known as a place where large quantities of.drift
be found, especially Gracilaria and Stenogramma. The port of San Francisco

Fisherman’s Wharf and Rincon Point (the west end of the San Francisco-Oakland Bay
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Bridge) remains to be studied. Yerba Buena Island and its man-made adjunct Treasure Island
rewarding places to visit, supporting many species not found along the nearby East Bay shore.

The physiography of the East Bay has been changed markedly by urban development,
cially in the past two decades. Much of the original marshland has been eliminated by dredge-
fill operations. On the other hand, riprap installed to protect the filled land from erosion
creased the amount of substrate available to seaweeds. The riprap at the entrance to the Ber~
Yacht Harbor supports a surprisingly rich and luxuriant flora. The marshes and mudflats.
Berkeley to the Richmond-San Rafael Bridge are in themselves interesting, since a large numb
species are specially adapted to such a habitat, but in addition they provide some unusual
rewarding substrates, including sheets of polyethylene plastic and the fabric of decomposing
mobile tires. A discarded tire in its usual upright position in a mudflat is particularly offensive
when caught in a horizontal position it may become transformed into a beautiful tide pool~
eral naturaliy rocky points (Golden Gate Fields, Point IsabeI, and Point Richmond) intelIut
muddy shores of Albany and Richmond, providing for local increases in richness. Leaves
grass (Zostera) growing in shallow-water beds in various parts of the Bay often serve as sub
for a fairly large number of species of algae (see also Atwater et al. 1979).

CHARACTERIZATION AND ANALYSIS OF THE BENTHIC ALGAL FLORA

Abundance and Luxuriance

The abundance and luxuriance of the benthic algal flora of San Francisco Bay may s~
someone whose experience has been limited to bays that enclose uniformly protected waters
supporting a large biomass are not limited to those localities directly exposed to the fluslfi
tion through the Golden Gate, however, but include such protected places as Paradise Beach
east side of the Tiburon Peninsula and the riprap at the entrance to the Berkeley Yacht E

At any site within the central Bay the bulk of the algal biomass is composed of an
dance of luxuriant plants belonging to only a few species. Those species that are found thro~
the Bay appear to be flourishing at least to the degree that they do on the outer coast. (
pleura violacea and especially Po!yneura latissima are notable in being more abundant and
ant in the Bay than on the outer coast. On the other hand, many species that barely peneti
Bay (not extending beyond Fort Point and Point Cavallo) and some that reach only
Alcatraz Island and Fort Mason are less abundant and less well developed than in physiogra1
similar sites on the outer coast. Agardhiella gaudichaudii and Rhodyrnenia californica, com
the outer coast, are known from the Bay only as occasional isolated plants. Analipus ]a[
which on the outer coast produces clusters of erect shoots each spring from a perenni:
grows at four sites in the western part of the Bay, where even in summer only a few depe
shoots can be found. By contrast, certain species that are restricted to the western part of
such as Alaria marginata, Larninaria sinclairii, and Gymnogongrus linearis, thrive.

Richness and Diversity

Richness as used in this chapter is a subjective assessment based on a comparison of l
ber of specific and infraspecific taxa in the flora of a given locality with that of another
grees of richness indicated in the preceding section on habitats are based on comparisons
the Bay localities and numerous central California outer-coast sites that I have studied in
would be highly desirable, and in some respects more pertinent, to compare San Franc
with similar estuarinedagoonal areas in other parts of the world. Hopefully, data that we’
such comparisons possible will eventually become available.
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Diversity as used in this chapter is a subjective assessment of the extent to which the total ,i
taxonomic spectrum of the flora of a region is represented by the flora of a given locality. One
measure is the number of genera, families, and orders represented in the flora, but since there is
disagreement among workers as to the number of higher taxa (especially orders) that should be
recognized, a better way to assess the situation is simply to turn the pagesof a regional manual (in
this instance Abbott and Hollenberg 1976), noting how well or how poorly the various parts of the
taxonomic spectrum are represented. This concept of taxonomic diversity is unusual, if not unique,
but hopefully the ensuing discussion will show that it is meaningful.

The number of taxa in each of the four major groups (classes) of benthic algae in the San
Francisco Bay flora is given in Table 1. In addition to the 156 specific and infraspecific taxa listed
in the systematic catalog, there are about 14 species remaining to be determined in the following
genera, which are already represented by at least one species in the flora: Callithamnion, Cera-
mium, Grateloupia, Peyssonnelia, and Polysiphonia (Rhodophyceae); Ectocarpus and Laminaria
(Phaeophyceae); and Bryopsis and Cladophora (Chlorophyceae). In addition, there is an undeter-
mined species of Lithophyllum (Rhodophyceae: Corallinaceae).                                          ¯

TABLE 1. NUMBER OF TAX_& IN THE BENTHIC ALGAL
FLORA OF CENTRAL SAN FRANCISCO BAY.

Classes Orders Families Genera Specific and Infra-
specific taxa

Rhodophyceae 8 24 61 94
Phaeophyceae 9 12 22 27
Xanttlophyceae 1 1 1 1
Chlorophyceae 5 9 17 34

23 46 101 156a

a There are about 14 additional species at hand that have not yet been identified.

To be assessed for richness, the Bay flora, with its approximately 170 specific and infra-
specific taxa, must be compared with floras of areas of equal habitat diversity, although not neces-
rarily identical habitats. Duxbury Reef (Matin County) and Moss Beach (San Marco County) both
offer such diversity, although the habitats that they provide differ sharply from those in the Bay in
the lack of fully protected waters and the presence of fully exposed situations. If the Bay is con-
ttdered a single locality, the richness of its flora ranks close behind that of those two sites. The

~i: presence in the Bay of at least 31 protected-water forms compensates for the absence of many
species. The Bay flora, as one would expect, is far richer than that of sites outside the

Gate that offer essentially only one habitat (e.g. Lands End in San Francisco, Bonita Cove
t Rocky Point in Marin County).

With regard to taxonomic diversity, the Bay flora includes representatives of almost all major
and families present in the outer-coast flora of central California. A notable deficiency is in

with a single species barely entering the Bay and not thriving. The absence of
common outer-coast species, however, is striking. The absentees include such well-known

as Calliarthron tuberculosum, Prionitis andersoniana, Plocarniurn oregonum, Gigartina har-
Rhodoglossum affine, R. californicum, Halosaccion glandiforme, Palmaria palmata var.

Gastroclonium coulteri, Botryoglossum farlowianum, Laurencia spectabilis, Leathesia dif-
Haplogloia andersonii, Soranthera ulvoidea (although both of its hosts, Odonthalia and
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Rhodomela, occur in the Bay), Colpomenia peregrina, Macrocystis integrifolia, and Cystoseir~
mundacea (with its epiphytes Pterochondria woodii and Coilodesme californica).

The Bay flora includes at least 25 species, representing 17 genera, that are microscopic
thus not readily detectable in the field.

Analysis of Components by Geographic Range

The 156 specific and infraspecific taxa listed in the systematic catalog can be categoriz~
the basis of their known geographic ranges. The results, summarized in Table 2, clearly sho~
the San Francisco Bay flora is composed predominantly of outer-coast cool-temperate speci,
demic to Pacific North America. This component would total 53% even if most of the 14 un~
mined species prove to belong to other categories (as I expect). Species with wide-distribu
especially in the Northern Hemisphere, constitute the second largest component, totaling
The 16 species (10%) with bipolar distributions (temperate Pacific North and South Americ
of special phytogeographic interest. The warm-water element is negligible.

TABLE 2. ANALYSIS OF THE BENTHIC ALGAL FLORA OF CENTRAL
SAN FRANCISCO BAY IN TERMS OF GEOGRAPHIC RANGES

Protected-water species
North Pacific species 4
Widespread temperate species 21
Weeds 2
Endemic species (in need of reappraisal) 4

Total protected-water species31

Outer-coast species
North Pacific species

Ranging to San Francisco 5
Ranging to Monterey Co. 4
Ranging to San Luis Obispo Co. 5
Ranging to Santa Barbara Co. 19
Ranging to S. Calif. 10
Ranging to B~ja Calif. and/or Gulf of Calif. 45
Ranging from San Francisco to S. Calif. 2

Bipolar species (temperate Pacific North
and South America) 16

Widespread boreal species
Ranging to San Francisco or San Marco Co. 2
Ranging to S. Calif. 2
Ranging to Baja Calif. or beyond 1__~3

17

Widespread warm-water species 2

Total outer-coast species 125

Total species 156
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Analysis of Components by Distribution within San Francisco Bay

When the distribution of each species within San Francisco Bay is plotted, a pattern is read-
ily perceived. The protected-water species, as would be expected, are limited to mudflats, marshes,
yacht harbors, and commercial port areas at various distances from the Golden Gate and hence
apparently independent of its flushing action. The outer-coast species, on the other hand, generally
have ranges that extend inward from the Golden Gate to varying distances. Continuity of the
ranges may be broken by the absence of specifically required habitats, but it is clear that these spe-
cies penetrate the Bay progressively until a limiting factor comes into play. As will be discussed
below, the overriding environmental factor appears to be some aspect of salinity, with wave action
playing a secondary role.

Coincidence of distributional patterns of groups of species suggests the recognition of zones
of penetration into the Bay. Purposes of analysis seem best served by recognizing five such zones
(Fig. 1). In Tables 3-7 the outer-coast species are listed according to the five zones. (Of the 125
outer-coast species listed in the systematic catalog, 14-mostly crusts and microscopic forms-for
which adequate distributional data are not yet available have been omitted.) Twenty-seven species
(Table 3) appear to be limited to Zone I-the area just east of the portals (Fort Baker and Fort
Point). Another 17 species (Table 4) penetrate the Bay onl~r as far as Alcatraz Island and Fort
Mason (Zone 110. Five of this group have not yet been found in Zone I, but may be expected to
occur there. Twenty-six species (Table 5) penetrate the Bay only as far as the southwest side of
Angel Island and Tiburon (Zone 1110, of which three are known only from Angel Island. Eight-
een species (Table 6) penetrate the Bay only as far as Sausalito, Paradise Beach (east side of the

Pt

California

Beach ~’\ Bro Albany

\

\ \ ~ ~:: Berkeley

Lime \                 ITreosure I.I
Pt. iI Atcatraz |.                               .

PI. Golden Gale I
’anita I O0 klo nd

.’., Mason

¯ ~:ii::~nd San Francisco

Fig. 1. Map of the central part of San Francisco Bay showing zones of penetration by outer-
of benthic algae.
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TABLE 3. OUTER-COAST SPECIES THAT PENETRATE
SAN FRANCISCO BAY ONLY AS FAR AS ZONE 1.

Species (27 total) Lime Pt.- Pro Cavallo Fort Poin

A croehaetium eoecineum x
A. porphyrae x
Agardhiella gaudichaudii xAla~a mar~nata

x x
Arterocol~x gardneri x x
Bosaella dichotoma x
Chaetomorpha aerea x
Cryptonemia obovata x x
Otmagloia andersonii x
Ectocarpu~ dimorphus x
Farlowia molIis x
Gigartina volans x x
Hymenena flabelligera x x
Neoptilota califomiea x
Nienburgia andersoniana x x
Phycodrys setchellii x
Plocamium cartilagineum

subsp, pacificum x x
Porphyra kanakaensis x xPrionitis filiformis

x
Pseudodictyon geniculatum x
Ralfsia fungiformis x
Rhodophysema elegans

var. polystromaticum x
Rhodymenia californica x
Scytosiphon dotyi x
Spongomorpha mertensii x
Streblonema pacificum x
Uro~pora doliifera x
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TABLE 4. OUTER-COAST SPECIES THAT PENETRATE
SAN FRANCISCO BAY ONLY AS FAR AS ZONE II.

Species (17 total) Lime Pt.- Fort Alcatraz Fort
Pt. Cavallo Point Island Mason

Acrochaetium amphiroae x
A. areuatum x x x x
A. pacificum x x
Ahnfeltia plicata x x x
Analipus ]aponicus x x x x
Bo~siella plumosa x x x x
Corallina vancouveriensis x x x x
Cylindrocarpus rugosus x
Dilsea californica x x
Ery thro trichfa porphyroides x x
Gigartina ornithorhynchos x
Lithothamnium paci~cum x x x
Melanosiphon intestinalis

f. tenuis x x
-. Peyssonnelia meridionaIis x x
:~. Pseudolithophyllum neofarlowii x x x

Ralfsia pacifica x x x
Schizymenia pacifica x

Peninsula), the northeast side of Angel Island, Yerba Buena Island, and Treasure Island
Of this group, one species has been found only at Paradise Beach. Finally, 23 species

7) are found at various, if not most, localities throughout the central Bay.
A similar pattern of distributions within San Francisco Bay has been noted for barnacles by

(1967).
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Analysis of Components with Respect to their Outer-Coast Habitat

According to Day (1951), "It is usually assumed that the marine animals [of estuaries]
necessarily intertidal forms which, being already adapted to the changes of salinity in tidal p~
find no great difficulty in extending their range into estuaries." Day observed that while
assumption appears to be generally true for European shores and estuaries where wave acti(
slight, it must be accepted with reserve in South Africa where the majority of the species foun
the wave-battered coasts are different from those found in the muddy estuaries. Moore (1’
402), presumably referring only to animals in the Tamar estuary (Devonshire, England), concl
that "only those forms which, under marine conditions, live at low levels are able to penetrat
estuary". Along the same lines, Fflice (1959) found that the invertebrate fauna of the estu
portion of San Francisco Bay was derived largely from the shallow subtidal regions of the adj
coast. With regard to seaweeds, however, Dixon and Irvine (1977:46) stated that intertidal Sl
have greater tolerance to increased or reduced salinities than those of the subtidal. In order t
these partly conflicting ideas, I plotted the distribution within the Bay of three groups of sp
those characteristic of the upper, middle, and lower intertidal zones, respectively. (Alm~
species in the third group also occur in the upper subtidal zone, while a few are more corn"
found subtidally than intertidally.) As shown in Table 8, all three groups encompass the coJ
spectrum of patterns progressing inward from Zone I to Zone V. No support is thus given
idea that benthic marine algae of a particular tide level are especially capable of pene
estuaries.

The sanded-in hahitat-a lower intertidal area in which sand seasonally covers (and
underlying rocks to a depth of up to 2 m-is the almost exclusive home of about 20 sp~
algae in central California. In order to see how this association behaves in the Bay, I plo*
distribution of its components (Table 9). Again, the entire spectrum of patterns progre~
ward from Zone I to Zone V is revealed. This varying penetration of the Bay, coupled
absence of six species of this association that are found just outside the Bay (at Rockawa?
San Marco County), emphasizes the fact that associations are held together by the coinci.
tolerance ranges for several factors, a change in any one of which may be sufficient to di,’
the association. Within San Francisco Bay, it is obviously some aspect of salinity that ha
decreased the membership of the sanded-in association.

ENVIRONMENTAL FACTORS AND THEIR EFFECTS
ON THE DISTRIBUTION OF BENTHIC ALGAE

Salinity

Salinity depends primarily upon the interaction of three factors: inward.il0~
oceanic water; dilution by rainfall, runoff, and sewage effluent; and evaporation (Cono~
Short-term changes in salinity are produced by tidal currents, sudden variations in
head of incoming streams, and wind. Prior to the construction of major dams on th6 S
San Joaquin river system, there was a marked rhythm in the over-all salinity of the c
with a maximum in summer and a minimum in winter. Today, with the discharge from
regulated, seasonal changes in salinity are subject to significant modification, but
pattern still prevails. The amplitude of these seasonal changes varies greatly from yem
pending upon the frequency, intensity, and distribution of storms. The lowest value
salinity at Fort Point, for example, varied from 13.6 °/oo in 1965 to 26 °/oo in 19t
Ocean Survey 1970). During the dry season of most years, surface salinity at Fort P
approximately that of the outer coast, which averages 32.9-33.8 °/oo (Conomos 197
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TABLE 5. OUTER-COAST SPECIES THAT PENETRATE
SAN FRANCISCO BAY ONLY AS FAR AS ZONE III.

Species (26 total) Lime Pt.- Fort Alcatraz Fort Angel I.-
Pt. Cavalto Point Island Mason Tiburon

Ahnfeltiopsis pacifica x
Callophyllis crenulata x x x x x
C. pinnata x x x x x
Cladophora columbiana x x x x
Desmarestia herbacea x x x x
Ectocarpus acutus x x x
Endocladia muricata x x x x
Gigartina agardhii x x x x x
G. canaliculata x x x x
Gymnogongrus linearis x x
Iridaea heterocarpa x x x
Laminaria sin clairii x x x x x
Melobesia marginata x x
M. mediocris x x
Odonthalia floccosa x x
Pelvetia compressa x

: 7’ Pelvetiopsis limitata x x x
Petalonia fascia ’ x
Phaeostrophion irregulare x x x
Plocamium violaceum x x x x x
Porphyra lanceolata x x x
Ptilota filic[na x x
Rhodomela larix x x x
8mithora naiadum x x
8pongomorpha--coalita x x x x

X X X X
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TABLE 6. OUTER-COAST SPECIES THAT PENETRATE
SAN FRANCISCO BAY ONLY AS FAR AS ZONE IV

Species (I 8 total) Lime Pt.- Fort Alcatraz Fort Angel I.- Yerba
Pt. Cavallo Point Island Mason Tiburon Buena

Antithamnion kylinii x x
Blidingia minima

var. vexata x x x x
CalIithamnion pikeanum x x x x x
Choreocolax polysiphoniae x x x
Cryptosiphonia woodii x x x x x x
Egregia menziesii x x x x x x
Gymnogongrus chiton x x x x x x
G. leptophyll.us x x x
Halymenia schizymenioides x x x x x x
Microcladia borealis x x x x x x
M. coulteri x x x x x x
Pikea californica x x x x x x
Prionitis lanceolata x x x x
P. lyallii x x x x x x
Psammophyllum ealifornicum
Pterosiphonia bipinnata x x x
Tiffaniella snyderae x x x x
Urospora penicilliformis x x x x

et al. 1979). In the intertidal and shallow subtidal zones of the central Bay, mixing
wind is sufficient to render negligible any vertical salinity gradient. The horizontal salir
of the central Bay, on the other hand, is roughly linear, with a maximum at the Golde:
minimum at Point San Pablo. The northern reaches of the Bay are brackish through,
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with the more saline bottom water penetrating farthest during the .dry season. The situation in the
southern part of the Bay is more complicated. During the rainy season salinity is lowered ~by fiver
runoff transported from the northern part of the Bay, while dufing the dry season the local inflow
of fresh water is low relative to evaporation, causing the salinity to approach or .even exceed the
value for the outer coast (see also Conomos 1979, Fig. 16) and Conomos et al. 1979, Fig. 5).
Change of salinity .dufing a tidal cycle (from HHW to LLW~ amounts to about 2 % o at the Golden
Gate and in the central Bay, increasing to about 4 °/oo in the extreme north and south (Imberger
et al. 1977).

TABLE 7. OUTER-COAST SPECIES FOUND
THROUGHOUT CENTRAL SAN FRANCISCO BAY

Species (23 total)

A crochaetium subimmersum Gracilario phila ory zoides
, Antithamnionella glandulifera Grateloupia doryphora

Bangia fuseo-purpurea Iridaea splendens
,~.~ Blidingia minima var. minima Platythamnion villosum

Ceramium eatonianum Polyneura latissima
Cryptopleura violacea Polysiphonia paniculata
Endophy ton ramosum Porphyra perforata
Fucus gardneri Pterosiphonia dendroidea
Gigartina exasperata Rhodochorton purpureum
G. papillata Ulva angusta
Gracilaria s]oe~tedtii U. lobata
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TABLE 8. DISTRIBUTION OF SPECIES IN CENTRAL SAN
FRANCISCO BAY ARRANGED BY OUTER-COAST ZONATION

Zones I         2        3        4        5

Upper intertidal species

¯ i Cumagloia andemonii x
Scytosiphon dotyi x
Analipus ]aponicus x x
Cladophora eolumbiana                 x         x         x
Endoeladia muricata

x x x
Gigartina agardhii x x x
Pelvelia compressa x
Pelvetiopsis limitata x x x
Porphyra lanceolata x x
Blidingia minima vat. vexata x x x x
Urospora penicilliformis x x x x
Bangia fuseo-purpurea x x x x
Blidingia minima vat. minima x x x x x
Fucus gardneri x x x x x
Gigartina papillata x x x x x
Porphyra perforata x x x x x

Middle intertidal species

BosMella plumosa x x
Corallina vaneouveriensis x x
Dilsea californica x x
Gigartina canah’culata x x x
Iridaea heterocarpa x x

: -Odonthalia floccosa x x
Ploeamium violaceum x x xRhodomela larix

x x
Callithamnion pikeanum x x x , x
Cryptosiphonia woodii                 x        x        x        x~ Microcladia borealis x x x x
Geltdium coulteri x x x x

’i \, Lower intertidal (and upper subtidaI) species

~ ~Agardhieltagaudichaudii x
~ Xqlaria marginata x

x~siella diehotoma x
x
x
X
X
X
X

x
X
X

X x
x x

x

~
-,,,\

x
C pinnata x
~esraarestia herbaeea "x~.

x x
. X X

X        X
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TABLE 8 (Continued)

Zones 1 2 3 4 5

Lower intertidal (and upper subtidal) species (continued)

G ymnogongrus linearis x xLaraina~ia sinclairii x x x
Phaeostrophion irregulare x x x
Plilota ]~licina x x
Spongomorpha coalita x x x
Stenogramma interrupta x x x
Egregia raenziesii x x x x
Gymnogongrus chiton x x x x
G. leptophyllus x x x
Halymenia schizymenioides x x x xt~kea californica x x x x
Psammophyllum californicum x
Tiffaniella snyderae x x x x
OTptopleura violacea x x x x x
Gigartina exasperata x x x x x
Gracila~a sioestedtt~ x x x x x
Antithamnionella glandulifera x x x x x
Platytharanion villosura x x x x x
Polyneura latis~ima x x x x x
Polysiphonia paniculata x x x x x
Pterosiphonia dendroidea x x x x x

A single salinity value is of little biological significance. Extreme values may in themselves be
limiting for certain organisms, but in most cases they operate in conjunction with the temporal
factors of rate of change and duration. One would expect an organism to have greater ability to
adapt to gradual change than to abrupt change, but no pertinent experimental data seem to be
available. Similarly, one would expect greater ability to adapt to a change of short duration than
to one of long duration, and numerous studies bear this out. The distribution of an organism can
be related to the salinity regime only after physiological tolerances and preferences for both vege-
tative growth and reproduction have been ascertained from experimental cultures and after its life
history has been delineated. The research necessary to understand fully the relationship between
the distribution of organisms and their envirortment is a herculean task that could keep generations
of workers occupied. Meanwhile, much can be inferred from simple observations, such as presence,
absence, abundance, luxuriance, and reproductive state, when even rudimentary measurements of
environmental factors are taken into account. A review of the role of salinity in the ecology of
marine plants is given by Gessner and Schramm (1971).

The discovery of Sargassum muticurn on the riprap at the entrance to the Berkeley Yacht
Harbor suggested the desirability of obtaining a general picture of the salinity (and temperature)
for this site to help predict the spread of this weed. The period of surveillance encompassed an
t~rage rainy season (1974/75), two years of drought (1975/1977), and a season of heavy rainfall
0977178). Measurements, begun on a monthly schedule, were made weekly during January and
i%bmary 1978 in order to keep pace with the drastic changes brought about by the rapid succes-
lion of storms at that time (Fig. 2). Two extreme situations were embraced by this series-one in
~thtcla there was very little change of a high salinity over a long period (February 1976 to 12 Jan-

’~ 1978), the other in which there were marked and rapid fluctuations, dropping as low as one-
salinity (12 January to 1 March 1978). The response of the intertidal flora was

During the first period, luxuriant summer growth persisted through the following winter;
second period, the annual portions of the algae were badly damaged or even eliminated,
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as they were also along stretches of outer coast bathed by heavy river runoff. Coincidence of ~
rainfall with exposure by extreme low tide was another factor in the deterioration of the inte.~
flora early in 1978, both inside and outside the Bay.

While there is little experimental information, ~from obsereation of simple estuaries (i
estuary can be called simple), in which there are essentially linear horizontal and vertical sa
gradients, it can be inferred that most marine algae cannot tolerate a sustained reduction of sa
below two-thirds normal sea water. A classical illustration is provided by the Baltic Sea, ~
brackish waters support a benthic flora that is drastically reduced in richness (and modified
phologically) compared to that of the North Sea. Since the salinity of the East Bay, even
average rainy season, can be two-thirds that of normal sea water (or less) for three to four m~
it is not surprising that only 23 of the 125 outer-coast species that penetrate San Francisco B
tend into Zone V. It is obvious that the varying degree of penetration into San Francisco 13
outer-coast species is in large part related to the over.all linear salinity gradient extending -fro
Golden Gate to Point San Pablo, but precisely which aspects of salirdty are limiting for indi
species remains to be demonstrated. It seems likely that rate, frequency, magnitude, and du
of change will all prove more important than mean annual value. A similar conclusion was r~
by yon Wachenfeldt (1975) in a study of the effect of salinity on the distribution of benthi,
in the 0resund, part of the transitional passage between the Baltic Sea and the North Sea.

Temperature

There are even fewer temperature data for the shores of San Francisco Bay than.,
measurements. Monthly readings at the Berkeley Yacht Harbor for the period October 1
March 1978 (Fig. 2) show a rhythrnieal change from a high of 20.O-20.8°C in late summer t,
of 8.7-12.2°C in mid-winter (see also Conomos 1979, Fig. 16, and Conomos et al. 1979, i
Sporadic measurements that I have made in the central Bay over the past eight years indic~
from mid-spring through autumn there is a temperature gradient of about 3°C in surfac,
along a line from the Golden Gate to Berkeley, with Berkeley being warmest. In winter, det
upon the frequency and intensity of cold weather fronts, the trend may be reversed, with t
perature at Berkeley as much as 3°C lower than at the Golden Gate. Insolation, evaporati
air temperature obviously affect the temperature of the shallow waters of the East Bay me
that of the deeper portion of the central Bay. Temperature is the overriding factor determi~
geographic distribution of individual species of marine algae in the various oceans. Howev,
the great majority of those outer-coast species that penetrate the Bay have ranges extend

TABLE 9. DISTRIBUTION OF SANDED-IN ASSOCIATION
IN CENTRAL SAN FRANCISCO BAY

Zones 1 2 3 4 5

GigarHna volans x
Phycodrys setchellii x
Ahnfeltia plicata x x
Ahnfeltiopsis paciflca x
Gymnogongrus linearis x x
Phaestrophion irregulare x x x
Stenogramma interrupta x x x
Gymnogongrus leptophyllux x x x
Psarnmophyllurn californicum x
Tiffaniella snyderae x x x x
Gracilaria sioestedtii x x x x
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Substrate

While some algae (usually protected-water forms) can continue to grow and reproduc
being detached from their substrate, most must remain attached to some object-rocks, co
plastic, metal, wood, glass, shells, or living organisms. Parasites and obligate epiphytes are o
ly dependent upon living hosts, often with a high degree of specificity. When the substrat~
solely as a place of attachment, contributing neither nutrients nor growth substances, its el
composition is largely immaterial. Its physical properties, on the other hand, are of great
tance. Differences in texture and hardness combine to allow sandstone, for example, to su
flora distinctive from that of granite or basalt, although many species thrive on both sub
The indigenous rocks of San Francisco Bay comprise a heterogeneous assemblage of sec
(sandstone, shale, and limestone), contemporaneous volcanics, and intrusives (see, for e:
Schlocker 1974), thus .providing a range of texture and hardness sufficient to render negligi
aspect of the substrate.

Stability of the substrate is of overriding importance in determining the ability of
algae to colonize an area. As the substrate becomes increasingly dispersed-from solid
colloidal-sized clay particles-the number of species that can grow on it is correspondi
duced. In quiet waters, pebbles and small shells may be sufficiently stable, but on su
beaches even cobbles and boulders may be scoured dean by constantly moving sand ant
Certain species, however, if firmly attached to stable reeks, can tolerate being covered perJ
by as much as 2 m of sand. The upper portion of the plant may be abraded, but a new fr
be produced from the crustose base after the sand has been washed away by winter storm~,
San Francisco Bay, this sanded-in habitat is best represented at Point Blunt. The behavk
sanded-in association of algal species in the Bay was discussed earlier in this paper (cf. TabI

Some of the more unusual substrates in the Bay include the fabric of automobile tire
of polyethylene plastic embedded in the mud, and the fur of a sick Harbor Seal that spe
time lying in the uppermost intertidal zone at Richardson Bay.

Nutrients

Along the coast of central California, upwelling (Conomos 1979) insures an abundal
trate and phosphate for intertidal seaweeds. Some of this nutrient-rich water enters the ~
of the nutrient supply, however, is provided by sewage effluents and river inflow (Cone1
1979; Peterson 1979). Although measurements of either nitrate or phosphate at specific ~
rites are lacking, from the deep color of seaweeds throughout -the centralBay one mayj
these nutrients do not limit growth through depletion (see also Peterson 1979; Cloem 19"

Turbidity

Seaweeds, being primarily photosynthetic organisms, depend upon the receipt ar
tion of a certain minimum quantity of light. In general, they have very low light requir~
that in clear waters they can grow at depths of at least 100 m. Colloidal- to silt-size~
greatly reduce the penetration of light, so that seaweeds in turbid waters may be re,’
depths not exceeding 2 m or even less (see also Peterson 1979). While there is no infer
turbidity as related to benthic subtidal algae in San Francisco Bay, to judge from the ar
the composition of material cast ashore it seems likely that the bottom of the Bay
dense growth of algae wherever a suitable substrate is present (e.g. shells) and a scourin~
absent, notably the area between Alameda and Coyote Point. Turbidity may have an eJ
intertidal zone in that certain algae do not tolerate being covered with sediment, althc
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forms with a delicateness suggesting a preference for clear water thrive in muddy situations as long
. as there is a suitable substrate.

Urbanization

Domestic sewage, because of its high biological oxidation demand (BOD) and high concen-
tration of reduced nitrogenous fractions, has a marked deleterious effect in the immediate vicinity
of an outfall, but progressively farther away, as dilution is accompanied by microbiological oxida-
tion (mineralization), the resulting nutrients have an equally marked stimulating effect on the
flora. This picture is changed drastically, however, by treatment of the effluent with chlorine,
which is toxic to most seaweeds at the level usually used (Stone et al. 1973). The effect of in-
dustrial wastes on the marine biota, wl~ile generally deleterious, depends upon the concentration,
solubility, persistence, toxicity, and synergistic relationships of the chemical components.

Urbanization of much of the shore of the central Bay has been limited to the construction of
rrdlitary bases. This fact, coupled with the strong flushing action of the tidal currents through the
Golden Gate, accounts for the relatively pristine condition of Fort Point, Lime Point, Point Caval-
1o, Angel Island, Alcatraz Island, Fort Mason, and Yerba Buena Island. Those parts of the Bay that
are heavily industrialized and that receive the bulk of the domestic sewage lie largely outside the
central area (see Peterson 1979, Table 4) and hence beyond the scope of this chapter with the ex-
ception of the port area of San Francisco from Aquatic Park to the Bay Bridge and the East Bay.
Difficulty of access has precluded a satisfactory assessment of the San Francisco port area, but it
can be assumed that the replacement of the original shore with a solid line of piers standing in
heavily polluted water has resulted in profound changes in the flora, which now comprises mostly
widespread protected-water species. While the East Bay is under stress (and part of Richmond has
undergone the s~me transformation as the port area of San Francisco), it seems likely that this
naturally muddy shore, subject to drastic salinity changes, at no time supported a benthic algal
flora significantly different from the one at present. In fact the addition of man-made substrates,
especially riprap, has tended to increase the biomass. No part of the central Bay shows the obvious
impoverishment of the flora exhibited, for example, at Lands End to the west of the Golden Gate
or at Palos Verdes near Los Angeles, where chlorine is the chief culprit.

EPILOGUE

Benthic algae are alive and well in San Francisco Bay, despite being ignored by botanists
(Howell et al. 1958) as well as by zoologists (Lee 1977). Irt fact, they constitute the most cort-
~Icuous part of the intertidal biota. Contrary to the belief mistakenly held .even by many phy-
�ologists, art estuarine-lagoonal system such as San Francisco Bay is not a wasteland of uninterest-
Ing, common, cosmopolitan, pollution-tolerant forms, but rather the home of a flora of moderate
tidiness that poses a wealth of important taxonomic and ecological problems. Aside from their

the trophie structure of the Bay due to the fact that they are photosynthetic
benthic algae constitute a resource of great scien~’ffic, economic, educational, recrea-

, and esthetic value.
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SYSTEMATIC CATALOGUE

Class RHODOPHYCEAE (Red Algae)

Subclass Bangiophycidae

Goniotrichales

Goniotdehaeeae

Goniotrichum alsidii (Zanardini) Howe
Minute irregularly branched filaments to 5 mm long, cells rose-red, loosely arranged in gela-

tinous sheath, mostly uniseriate; on various algae and animals in lower intertidal zone and subtidal
to 12 m; widely distributed (type locality: Italy), British Columbia to Chile.

San Francisco Bay: Camp Reynolds, Angel I. (on Polysiphonia pa¢ifica); Yerba Buena I. (on
Pterosiphonia dendroidea); Berkeley (on Sargassum muticum); to be expected throughout the Bay.

Bangiales
Erythropeltidaeeae

Erythrotrichia carnea (Dillwyn) J. Agardh
Minute bright-pink unbranched uniseriate filaments to 8 mm long, attached by lobed basal

cell or by. short rhizoidal outgrowths from basal cell; on various algae and animals in intertidal
zone and subtidal to 12 m; widely distributed (type locality: Wales), Alaska to Costa Rica.

San Francisco Bay: Fort Mason and Alcatraz I. (on Laminaria sinclairii); Yerba Buena I. (on
Sargassum muticum); Alameda (on Cladophora); to be expected throughout the Bay.

~rythrotrichia porphyroides Gardner
Minute red ribbons of irregular width, to 2 mm long, on blades of Laminaria sinclairii in San

Francisco Bay (type locality: Fort Point) and on Halidrys dioica at Corona del Mar (Orange Co.),
Calif.

San Francisco Bay: Fort Point and Alcatraz I.
Sraithora naiadum (Anderson) Hoilenberg

Clusters of membranous purple blades 1-5 cm long arising from pulvinate perennial bases,
obligately epiphytie on surf grass (Phyllospadix) and eel grass (Zostera); Alaska to Baja Calif.
(type locality: Farallon Is.).

San Francisco Bay: Fort Point and Pt. Blunt (Angel I.), on PhyIlospadix.

Bangiaeeae
&mgia fusco-purpurea (Dillwyn) Lyngbye

.~Dense stands of lubricous brownish-purple filaments, reaching maximum length (6-10 cm) in
’. Whter; on cobbles, boulders, cliffs, and wood in upper intertidal zone; widely distributed in both

l~mispheres (type locality: Wales), Alaska to Costa Rica, Chile.
8an Francisco Bay: Various localities throughout the central Bay.

collection made by A. D. Frye at "Golden Gate," probably at Fort Point or at the Presidio,
Used by Harvey (1858) as the basis of a new species, Bangia vermicularis, but current taxo-

¯ "                   populations to be conspecific with B. fusco-purpurea.

ensis Mumford
umbilicate fronds to 50 cm diameter, vegetative fronds steel-gray to olive-green

purple at edges, reproductive fronds w~th reddish-brown female areas interrupted by
male areas; on moderately exposed cobbles in middle and lower intertidal zones;

to San Francisco Bay (type locality: Kanaka Bay, San Juan I., Wash.).
Bay: Fort Point, Lime Point¯

species has recently been segregated from P. perforata primarily on the basis of anatom-
(two chloroplasts per cell; carpospores arranged in two tiers). The two species have
appearances and may grow side-by-side (Mumford 1973).

(Setcheil & Hus) G. M. Smith
stands of membranous linear or lanceolate blades to 40 cm (-1 m) long; male blades
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narrowly linear, spirally twisted, with attenuated apex and continuous cream-colored m
female blades lanceolate, deeply ruffled at margins, with brownish-red fertile patches; on bo
in upper middle intertidal zone; Ore. to Gaviota (Santa Barbara Co.), Calif. (type locality: C
Bay, Calif.).

San Francisco Bay: Fort Point, Pt. Cavallo, Camp Reynolds (Angel I.).
Porphyra perforata J. Agardh

Membranous deeply ruffled orbiculate or broadly lanceolate fronds, 20-30 cm broad, 30-.’
long, steel-gray to brownish-purple, pale male areas and reddish female areas in patches alon~
gin; on moderately exposed rocks in upper and middle intertidal zones; Alaska to Baja Calif.
locality: "Golden Gate," probably Fort Point).

San Francisco Bay: Widely distributed throughout the central Bay, but less abundant an
uriant in the eastern part.

Edible species of Porphyra bear various common names, including "’laver" and "asakusa-n

Subclass Florideophycidae

Nemaliales
Aeroehaetiaeeae

Acrochaetium amphiroae (Drew) Papenfuss
Tufts of minute creeping and erect filaments growing in the joints of various articulate

line algae; British Columbia to Baja Calif. (type locality: San Pedro, Calif.), Chile.
San Francisco Bay: Fort Mason (on Bossiella plumosa).

Acrochaetium arcuatum (Drew) Tseng
Dense tufts of minute filaments (less than 1 mm tall) on various intertidal algae;

Monterey Peninsula, Calif. (type locality: Moss Beach, San Mateo Co., Calif.), Gulf
San Francisco Bay: Fort Point (on Spongomorpha mertensii), Fort Mason (on Ahnfelti,

and Larninaria sinelairii), Alcatraz I. (on Larninaria sinclairii), Pt. Cavallo (on Alaria ma
The Fort Point collection served as the basis of Rhodochorton densum Drew (1926

species that has been merged with A. arcuaturn by Abbott & Hollenberg (1976:310), dow
the importance of the alleged difference in spore-germination pattern. Culture studies
(1966) provided evidence supporting this merger.
Acrochaetium coccineum (Drew) Papenfuss

Systems of minute filaments in and on blades and stipes of Desmarestia, Egregia, a
naria, the epiphytic portions forming bright-red velvety stripes; Duxbury Reef (Mari~
Little Sur(Monterey Co.), Calif. (type locality: Fort Point, San Francisco).

San Francisco Bay: Fort POint (in and on blades of Laminaria sinclairii).
Rhodochorton obscurum Drew, also growing in and on Laminaria sinclairii, was reco:

Fort Point by Drew (1928:193). This species has been merged with A. coccineum by
Hollenberg (1976:313). The alleged differences between the two species are inde
Acrochaetium daviesii (Dillwyn) Nfigeli

Bright-pink tufts of filaments 4-6 (-8) mm tall on various algae and animals, lower int.
subtidal zones; widely distributed in temperate waters (type locality: Wales), Wash. to

San Francisco Bay: Fort Point (on Phyllospadix scouleri), Alcatraz I. (on Larninaria
Acrochaetium paciflcum Kylin

Tufts of minute filaments 1-3 mm tall on various algae (especially Laminariales)
lower intertidal and subtidal zones; Alaska to Sonora, Mexico (type locality: Brow~

San Francisco Bay: Fort Point (on air bladder of Egregia menziesii), Alcatraz I.

The Fort Point collection served as the basis of Rhodochorton plumosum Drew (1’
species that has been merged with A. pacificum by Abbott & Hollenberg (I 976:315).
Acrochaetium porphyrae (Drew) G. M. Smith

Systems of minute filaments forming bright-red patches 1-5 cm broad in basal porti
of Porphyra, at times causing distortion; British Columbia to Baja Calif. (type locality
San Francisco).

San Francisco Bay: Fort Point (in Porphyra perforata).
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Acrochaetium subimmersum (Setchell & Gardner) Papenfuss
Systems of minute filaments forming deep-red patches and at times causing distortion in blades

of various foliose red algae, especially Grateloupia doryphora, Halymenia schizymenioides, and
Schizymenia pacifica; Japan, British Columbia to Pt. Arguello (Santa Barbara Co.) and Channel Is.,
Calif. (type locality: Whidbey I., Wash.).

San Francisco Bay: Various localities in the central Bay, limited by the distribution of the hosts.

Rhodochorton purpureurn (Lightfoot) Rosenvinge
Extensive deep-red velvety coating on shaded rocks (especially sandstone and shale) and wood

in uppermost intertidal zone; widely distributed in N. Hemisphere (type locality: Scotland), Ber-
ing Sea to Baja Calif.

San Francisco Bay: Various localities throughout the central Bay and at Coyote Point.

Helminthoeladiaeeae

Cumagloia andersonii (Farlow) Setchell & Gardner
Erect axes annual (Feb.-Nov.), arising from discoid base, mostly 15-30 cm long, olive-brown to

purplish-red, gelatinous but tough, becoming flattened and even saccate, clothed with short branch-
lets; on rocks in upper and upper middle intertidal zones; British Columbia to Baja Calif. (type
locality: Santa Cruz, CaliL).

San Francisco Bay: Near ranger’s office at Fort Point.
This alga is widely but spottily distributed on the outer coast, being restricted to certain rocks

where it occurs abundantly year after year.

Gelidiales
Gdidiaceae

Gelidium coulteri Harvey
Dense mats or clumps of very narrow compressed axes mostly 4-8 cm tall bearing numerous dis-

tiehous branchlets, olive-purple, on rocks or shells of living invertebrates (barnacles, mussels, lim-
pets); British Columbia to Baja Calif. (type locality: Monterey Peninsula, Calif.).

San Francisco Bay: Abundant on most shores of the central Bay and at Coyote Point; an impor-
tant component of the flora.

Gelidium sinicola Gardner (1927a:278)
This species was described on the basis of tetrasporangial plants collected in a rock pool near

lfigh-tide line at Pt. Cavalio. As described this species is not distinctive; the axes were said to be
~ubeylindrical and provided with subdistichous branchlets. A special effort to collect similar
material at the type locality has been unsuccessful. In the absence of cystocarpic plants, it is
Impossible even to ascertain the proper generic placement.

Cryptonemiales

Dumontiaceae
woodii (~. Agardh) J. Agardh

of blackish-purple cylindrical fronds mostly 5-10 cm tall, the lower portion unbranched,
upper portion bearing numerous short radially arranged branchlets; on rocks in middle inter-
zone and in shallow pools or crevices at higher levels; Alaska to Government Point (Santa

(type locality: Vancouver I., Canada).
ay: Abundant on all rocky shores within Zones I-IV (absent from the East Bay).

(J. Agardh) Kuntze
or dense stands of brownish-red blades usually deeply dissected into sickle-shaped divi-

:ca. 10 cm tall; on rocks in lower middle intertidal zone and subtidal to 20 m; Alaska to San
Co., Calif. (type locality: Ore.).

Bay: Fort Point and Alcatraz I.; to be expected eisewhere in Zones I-III.

(Harvey & Bailey) Farlow & Setchell
small clusters of blackish-red fronds 1.0-15 cm tall, alternately branched in one plane,

branches compressed, to 5 mm wide, slippery, bearing hair-like branchlets which even-
away; on rocks in lower middle intertidal zone and subtidal to 20 m, at times associ-
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ated with sand; Alaska to San Diego, Calif. (type locality: Puget Sound).
San Francisco Bay: Fort Point.

Pikea californica Harvey
Isolated bushy clusters of dark-red fronds mostly 6-12 cm tall with profuse pinnate branching

on rocks in lower intertidal zone and subtidal to 20 m; British Columbia to Baja CaliL (type local.
ity: "Golden Gate," probably Fort Point).

San Francisco Bay: Fairly abundant on all rocky shores within Zones I-IV (but less common or
Angel I. than elsewhere); a characteristic component of the flora.

A form from Fort Point with long, delicate, and regularly pinnate ultimate branctflets has beer
described as a segregate species, Pitcea pinnata Setchell (1899).

Peyssormeliaeeae

Peyssonnelia meridionalis Hollenberg & Abbott
Thin circular reddish-brown or purple crusts, mostly less than 2 cm diam., on rocks and shells i~

lower intertidal zone; Ore. to San Luis Obispo Co., Calif. (type locality: Pacific Grove, Montere
Co., Calif.).

San Francisco Bay: Fort Mason and Alcatraz I.; to be expected elsewhere in Zones I-III.
A thick, extensively calcified form of Peyssonnelia from Fort Point awaits further study.

Rhodophysema elegans (Crouan frat.) Dixon var. polystromaticura (Batters) Dixon
Thin subcircular rose-red crusts on rocks or large algae in lower intertidal zone; widespread

N.Atlantic (type locality: England), Wash. to Corona del Mar (Orange Co.), Calif.
San Francisco Bay: Fort Point (on Gymnogongrus linearis).

Hildenbrandiaeeae
ttildenbrandia oc¢identalis Setchell

Dark purplish-red crusts, indefinitely expanded, I-2 mm thick, with tetrasporangia producer
flask-shaped or deeply cylindrical cavities; on rocks in upper intertidal zone; Alaska to Baja C;
(type locality: Lands End, San Francisco), Galapagos Is.

San Francisco Bay: Various localities in the western part of the central Bay (Zones I-III).
ttildenbrandia prototypus Nardo

Pale rose-red to bright-red crusts, indef’mitely expanded, mostly 0.2-0.4 mm thick, with t~
sporangia produced in shallow depressions; on rocks from middle intertidal zone down to u
subtidal zone; nearly cosmopolitan (type locality: Italy), Alaska to Panama, Galapagos Is.

San Francisco Bay: Golden Gate Fields (Albany), Pt. Isabel (Richmond).
Whether continued sampling will uphold the presently perceived distributional patte~

these two species within the Bay remains to be seen.

Corallinaceae

This family is remarkable in that all of its members are at least partially calcified. The3,
several widely divergent habits. Some are crusts covering large areas of rock. These crusts n
smooth, knobby, or with simple or branched papillae. Others are ~crusts on marine plants, fc
discrete or confluent patches or discs. Still others are articulated-that is, they have erect br:
in which uncalcified joints alternate with calcified segments. Articulated coralline algae gr
rocks, animals, or other algae. The Corallinaceae often form a conspicuous pink or lavende
beginning at the lowest tide level and extending subtidally to varying depths. Many are res
to fully exposed situations. Within San Francisco Bay, they are confined to Zones I-III.

Crustose species on rocks
This group has not yet been studied in detail, but the aid of a specialist (Dr. Phillip A.

nik) has been enlisted. Preliminary work has established the presence of at least three
Lithothamnium, Lithophyllum, and Pseudolithophyllum. Two species have been identifi
certainty.

Lithothamniura pacificum (Foslie) Foslie
Rose-red ernst with small rough papillae; on pebbles, cobbles, boulders or shells in lov

tidal zone; British Columbia to S. Calif. (type locality: Pebble Beach, Monterey Co., Calif.
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San Francisco Bay: Fort Point, Pt. Cavallo, Alcatraz I.

Pseuclolithophyllum neofarlowii (Setchell & Mason) Adey
Crust with surface roughened by subspherical outgrowths to 2 mm diam., these often anasto-

aosing, varying from white in upper intertidal zone to purple in lower intertidal zone; on sides of
~cks and floors of tide pools; Alaska to Baja Calif. (type locality: Monterey, Calif.).

San Francisco Bay: Fort Point, Pt. Cavallo, Alcatraz I.

Crustose species on marine plants

Ielobesia marginata Setchell & Foslie
Thin purple subcircular patches 5-8 mm diam., becoming confluent, on various red algae in

lower intertidal zone; British Columbia to Baja Calif., Costa Riea, Peru (type locality: Bodega Bay,
onoma Co., Calif.).

San Francisco Bay: Fort Point and Pt. Blunt, Angel I. (on Gyranogongrus linearis).

Melobesia mediocris (Foslie) Setchell & Mason
Thin pink to rose-red subcircular patches to 2 mm diam., becoming densely crowded and

ngular, on leaves of surf grass (Phyllospadix) and eel grass (Zostera); British Columbia to Baja
,2alif. (type locality: Santa Cruz, Calif.).

San Francisco Bay: Fort Point and Pt. Blunt, Angel I. (on Phyllospadix scouleri).

Articulated species

3otsiella dichotoma (Manza) Silva
Isolated clusters of reddish-purple dichotomously branched fronds to 8 cm tal!; on rocks in

~ower intertidal and upper subtidal zones, often associated with sand; Alaska to Baja Calif. (type
ocality: Moss Beach, San Mateo Co., Calif.).

San Francisco Bay: Fort Point Promenade (on seaplane ramp and nearby cobble.s).
Bossiella dichotoma is treated by Johansen (in Abbott & Hollenberg 1976:414) as a subspecies

orB. orbignyana (Deeaisne) Silva, but in my opinion the two species should be kept separate.
l~olsieila plumosa (Manza) Silva

Dense stands of reddish-purple pinnately branched fronds mostly 3-4 cm tall, on rocks and mus-
sels from lower middle intertidal zone to shallow subtidal depths; Alaska to Pt. Conception, Calif.
(type locality: Moss Beach, San Marco Co., Calif.).

San Francisco Bay: Present but not abundant at Fort Point, Pt. Cavallo, Fort Mason, and Al-
catraz I.

Corallina vancouveriensis Yendo
Dense stands of violet to purple densely pinnately branched fronds mostly 4-8 cm tall; around

~dges of tide pools and on rocks and mussels from lower middle intertidal zone to shallow subtidal
d*pths; Alaska to Baja Calif. (type locality: Port Renfrew, Vancouver I.), Galapagos Is.

San Francisco Bay: Present but not abundant at Fort Point, Pt. Cavallo, Fort Mason, and Al-
~ttr~ I.
~- This species and the preceding one are characteristic components of the mussel-bed association
tt the outer coast.

Endocladiaceae

muricata (Endlicher) J. Agardh
stands of bushy clusters of blackish-brown harsh-textured fronds, 4-6 cm tall; on rocks in

zone; Alaska (type locality) to Baja Calif.
Bay: Present but not abundant at Fort Point, Pt. Cavallo, Alcatraz I., and on the

t ~ide of Angel I.
i~ of interest to find that this ubiquitous high-growing outer-coast alga, its subjection to long

desiccation suggesting hardiness, does not thrive in San Francisco Bay.

Cryptonemiaceae

obovata J. Agardh
mostly 20-30 cm tall, tending to be obovate and lobed; on

tt~ally at depths of 10-50 m; Alaska to Baja Calif. (type locality: "Golden Gate," probably

319

C--O 5 0 2 2 4 --0 0 1
C-050226



SAN FRANCISCO BAY

Fort Point, San Francisco).
San Francisco Bay: Fort Point, Lime Point, Pt. Cavallo (all at extreme low-tide mark).

Grateloupia doryphora (Montagne) Howe (Fig. 4)
Lanceolate blades to 1 (-2) m long, e×tremely slippery, highly variable in color (yellow~sh-~

to purple), frequently with marginal proliferations; on rocks and animals in lower intertidal
Wash. to Peru (type locality).

San Francisco Bay: Luxuriant plants have been found in abundance at Pt. Cavallo, Pa
Beach, Yerba Buena I., Ayala Cove (Angel I.), and Berkeley, thus covering all five zone
spottily.

Plants apparently indistinguishable morphologically from those in the Bay grow on the
coast. In view of the fact that this species has recently been recognized as having been intro
into the native flora of southern England, there is a possibility that the populations with:
Francisco Bay have resulted from an introduction from distant waters rather than from a
tion from the adjacent outer coast. Historical collections of this species from the Bay,
would rule out the assumption of a recent introduction, do not exist. It would be interesting
terrnine whether the outer-coast and Bay populations represent distinct physiological

Other plants of Grateloupia that do not seem to be variants of this polymorphie specie
been found at Coyote Point and await further study.

Halymenia schizymenioides Hollenberg & Abbott
Small clusters of lanceolate blades mostly 20-30 cm long, slippery, wine-red to rose-red.

deeply cleft; on rocks in lower intertidal and upper subtidal zones; Wash. to Santa Barbm
Calif. (type locality: Mission Point, Monterey Peninsula, Calif.).

San Francisco Bay: Common at most localities within Zones I-IV.
Prionitis [iliformis Kylin

Dense clusters of reddish-brown wiry fronds to 30 cm long, dichotomously branched, tl
ments flattened but only ca. 1 mm wide, bearing very short marginal proliferations; on
covered with sand in lower intertidal zone; British Columbia, Ore. to Gaviota (Santa Barbar
Calif. (type locality: "San Francisco," probably Fort Point).

San Francisco Bay: Fort Point (known in situ only from collections made in 1895 and
but often cast ashore).
Prionitis lanceolata (Harvey) Harvey

Clusters of tough cartilaginous reddish-brown fronds mostly 20-30 cm long with a basic c
omous branching pattern often masked by an abundance of well-developed lateral prolifer
on rocks in high tide pools and from middle intertidal zone to depths of 30 m in varying deg
exposure to surf; Alaska to Baja Calif. (type locality: Monterey Peninsula, Calif.).

San Francisco Bay: This polymorphic species is fairly common in the western part of t]
tral Bay (Zones I-III) and at Paradise Beach.

Prionitis lyallii Harvey
Clusters of reddish-brown fronds mostly 20-30 cm long, the axes tough, the lateral pr,

tions soft and often slippery; on rocks from middle intertidal zone to upper subtidal zone;
Columbia to Pt. Conception, Calif. (type locality: Esquimalt, Vancouver I.).

San Francisco Bay: Several forms of a Prionitis from the western part of the central B~
been referred tentatively to this poorly defined species.

No available classification of the California representation of Prionitis is satisfactory, i~.
pinion. The polymorphism within the genus and its gradation into its sister genus Gratelou
causes for extreme frustration.

Kallymeniaeeae
Callophyllis crenulata Setchell

Deep-red foliose blades mostly to 15 cm tall, crisp, flabellately divided, with undulate or
late margins; on rocks or algae in lower intertidal zone to depths of 30 m; British Colu~
Diablo Cove (San Luis Obispo Co.), Calif. (type locality: Whidbey I., Wash,).

San Francisco Bay: Abundant throughout Zones I-III.
Callophylli~ pinnata Setchell & Swezy

Deep-red foliose blades mostly less than 35 cm tall, plane, slippery, flabellately divided
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segments usually with well-developed marginal proliferations; on rocks, animals, and algae (espe-
cially Larninaria sinclairii) in lower intertidal and upper subtidal zones; Alaska to Baja Calif. (type
locality: Duxbury Reef, Matin Co., Calif.).

San Francisco Bay: Abundant throughout Zones I-III.
The two species of CallophyIIis usually occur together, but are easily distingusihable in the field.

Choreoeolaeaeeae
Choreocolax polysiphoniae Reinsch

Colorless globular mass ca. 1 mm diam., parasitic on Polysiphonia, Pterosiphonia, or Ptero-
chondria, intertidal to subtidal (-10 m); N. Atlantic (type locality), Alaska disjunefly to Baja Calif.

San Francisco Bay: Pt. Cavallo, Pt. Blunt (Angel I.), Yerba Buena I. (all on Polysiphonia pani-
cutata ).

Gigartinales
Nemastomataeeae

$chizymenia paci[ica (Kylin) Kylin
Brownish-red foliose blades mostly to 30 cm tall, ovate to broadly lanceolate, often deeply

split, slippery, surface finely granular when partially dry; on rocks exposed to at least moderate
surf in lower intertidal zone and subtidal to 18 m; Japan, Alaska to Baja Calif. (type locality: Fri-
day Harbor, Wash.).

San Francisco Bay: Alcatraz I.; to be expected elsewhere in Zones !-III.

Solieriaeeae

Agardhiella gaudichaudii (Montagne) Silva et Papenfuss, comb. nov. (Gigartina gaudichaudii
Montagne 1842:255)
Btight-pink to deep-red cylindrical axes mostly to 30 cm tall, 2-3 mm diam., radially or subdis-

tiehously branched; on rocks in lower intertidal zone and subtidal to 30 m; often in sandy pools,
Alaska to Baja Calif., Peru (type locality).

San Francisco Bay: Pt. Cavallo (an isolated plant).
~ This species is listed in Abbott & Hollenberg (1976:483) as Neoagardhiella baileyi (Kfitzing)

~/ynne & Taylor. Reasons for the change of name are given in DeCew & Silva (in press).

Ploeamiaeeae
P̄locamium cartilagineum (Linnaeus) Dixon subsp, pacificum (Kylin) Silva, comb. nov. (P. pacifi-

~cura Kylin 1925:42)
Flat fern-like rose-red fronds mostly 10-20 cm tall arising from stoloniferous base; on rocks in

intertidal zone, often associated with PhylIospadix and with sand, subtidal to 40 m; British
to Mexico (type locality: San Juan I., Wash.), Galapagos Is.

Francisco Bay: Fort Point, Pt. Cavalto.
agree with Dawson (1961) in giving taxonomic recognition at the infraspecific level to the

populations of this species because of their general coarseness, despite the occurrence
’ in warmer waters) of finely branched forms apparently indistinguishable from European

vioIaceum Farlow
clumps of reddish-violet flat fronds mostly 4-5 cm tall, with congested branching, arising

base; on rocks and mussels in middle intertidal zone exposed to heavy surf;
. Columbia to Baja Calif. (type locality: Santa Cruz, Calif.).
Francisco Bay: This alga is a member of the mussel-bed association on the outer coast.

it is restricted to those localities in the western part that receive some surf: Fort
Cavallo, Fort Mason, Alcatraz L, and the west side of Angel I.

Gracilariaceae
s]oestedtii Kylin (Fig. 8)
plants to 1 (-2) m long, yellowish-brown to reddish-purple, irregularly branched mostly

portion, branches cylindrical, 0.5-1.5 mm diam. (to 3.5 mm in male plants); on rocks
sand in lower intertidal zone and subtidal to 15 m on outer coast, on rocks and
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~shells along muddy shores of bays; British Columbia to Costa Rica (type locality: Pacific Gr,
Calif.).

San Francisco Bay: Throughout the central Bay.
Gracilaria verrucosa (Hudson) Papenfuss

Stringy plants to 60 cm long, greenish-purple to dark-purple, profusely branched, branche:
lindrical, 0.5-1.5 mm diam. (to 3.5 mm in male plants), often with abundant spine-like proli
tions; on rocks and shells in lower intertidal and upper subtidal zones in sheltered waters; w,
wide distribution (type locality: England), Alaska to Baja Calif.

San Francisco Bay: Uncertain, but probably throughout the central Bay.
Initially I assumed that the stringy Gracilaria common throughout the central Bay was G.

rucosa, a species that has been repeatedly recorded for harbors in many parts of the worl
distinction to the outer-coast G. sjoestedtii, which seemed to be restricted to the sanded-in ha
and with fronds reportedly less branched and more robust. The intermixing within the B~
stringy fronds of varying diameter suggested that my assumption was incorrect. Within the
year the problem was approached by a specialist in the genus, Dr. Mitchell D. Hoyle. Prelim!
investigations of presumably diagnostic anatomical and reproductive characters have reveale~
presence of G. s]oestedtii throughout the central Bay, the muddy habitat notwithstanding. ~
G. verrucosa has been shown to occur with G. s]oestedtii in at least two localities, its distrib
within the Bay is as yet only vaguely outlined.

Gracilariophila oryzoide~ Setehell & Wilson
Colorless globular tubercles 1-2 mm diam. parasitic on lower portions of fronds of Gra~

s]oestedtii and G. verrucosa; Wash. to Baja Calif. (type locality: Fort Point, San Francisco).
San Francisco Bay: Following the hosts through most of the central Bay.

Phyllophoraeeae

Members of this family have tough, often rigid fronds. The four genera represented i:
Francisco Bay are strongly associated with the sanded-in habitat.

Ahnfeltia plicata (Hudson) Fries
Bushy clumps of profusely and mostly dichotomously branched wiry fronds 5-10 cm ta

branches reddish-purple to purplish-black, 0.2543.5 mm diam., intertangled; on rocks pa
covered with sand in lower intertidal and upper subtidal zones; colder waters of N. Hemi’.
(type locality: England), Bering Sea to Baja Calif.

San Francisco Bay: Fort Point, Pt. Cavallo, and Fort Mason; to be expected on the soul
side of Angel I.

Ahnfeltiopsis pacifica Silva & DeCew
Clumps of wiry fronds mostly 10-20 cm tall, deep-red to purplish-black, 10-15 times di

mous, the branches to 1.5 mm diam.; on rocks partially covered with sand in lower intertR
upper subtidal zones; British Columbia to Baja Calif. (type locality: Dillon Beach, Marl
Calif.).

San Francisco Bay: Pt. Blunt (Angel I.); to be expected at Fort Point and Pt. Cavallo.
This species is listed in Abbott & Hollenberg (1976:503) as Ahnfeltia gigartinoides J..

(type locality: Oaxaca, Mexico). Reasons for establishing the genus Ahnfeltiopsis and foz
nizing A. pacifica as a species distinct from Ahnfeltia gigartinoides are given in DeCew
(in press).

Gymnogongrus chiton (Howe) Silva et DeCew, comb. nov. (Actinococcus chiton Howe 19
adnot.) (Fig. 3)
Small clusters of rigid dull-red fronds mostly 8-15 cm tall, dichotomously branch

branches divaricate, thin, 3-6 mm broad, pendant when exposed at low tide; on rock faces i
intertidal zone and subtidal to 18 m; British Columbia to Baja Calif. (type locality: Duxbul
Marian Co., Calif.).

San Francisco Bay: Abundant on all rocky shores within Zones I4V.
This species is listed in Abbott & Hollenberg (1976:508) as G. platyphyllus Gardner.

for the change of name are given in DeCew & Silva (in press). It is surprising that this
which is found only occasionally on the outer coast, is common within the Bay. Unlike (
phyllus and G. linearis, it is not associated with sand, and the lack of this special reqv
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3

3-5. (3) Gymnogongrus chiton. (4) Grateloupia doryphora. (5) Gigartina exasperata,            i
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8

Figures 6-8. (6) Cryptopleura violacea. (’7) Iridaea splendens. (8) Gracilaria s]oested
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explains its broader distribution within the Bay.

Gytnnogongrus leptophyllus J. Agardh
Dense hemispherical clumps of fronds ca. 6 cm tall, the branching mainly dichotomous but

lateral proliferations common, the branches dull-red, firm but not rigid, flattened, varying in width
in different populations from 0.75 to 2.5 ram; on sand-covered rocks in lower intertidal zone and
subtidal to 30 m; Alaska to Baja Calif. (type locality: Santa Cruz, CaliL).

San Francisco Bay: Penetrating as far as Zone IV, but restricted to sandy areas (Fort Point, Pt.
Cavallo, Camp Reynolds and Pt. Blunt (Angel I.), Paradise Beach).

The narrow form prevails in the Bay, offering an opportunity for confusion with Ahnfeltia
plicata, which, however, has cylindrical wiry fronds.

Gymnogongrus linearis (C. Agardh) J. Agardh
Dense clumps of rigid brownish-purple fronds mostly 15-25 cm tall, dichotomously branched,

the branches flattened, 5-8 mm broad, remaining erect when exposed at low tide; on rocks in
lower littoral, near or partially covered by sand; British Columbia to Pt. Conception, Calif. (type
locality: Trinidad, Humboldt Co., Calif.).

San Francisco Bay: Fort Point and southwest side of Angel I. (frequently bearing the lavender
patches of the crustose coralline Melobesia marginata).

This common outer-coast alga is a conspicuous and reliable indicator of the sanded-in habitat.

Stenogramma interrupta (C. Agardh) Montagne
Clusters of papery deep-red fronds mostly 10-20 cm tall, dichotomously branched, the branches

5-10 mm broad, often with small lateral proliferations; female plants with fertile area resembling
an interrupted midrib, tetrasporangial plants with a mottled surface; on rocks partially covered by
sand in lower intertidal zone and subtidal to 30 m; Atlantic Europe and N. Africa (type locality:
~diz, Spain), Japan, New Zealand, Alaska to Bajff Calif., Galapagos Is.

San Francisco Bay: Fort Point to Aquatic Park (San Francisco), Alcatraz I., Pt. Blunt (Angel I.).
The genus Stenogramma was based on S. californica Harvey (1840), a species described from a

collection made by Sinclair at "San Francisco" (probably Fort Point). Although the consensus of
present-day workers is to treat that species as a later synonym of S. interrupta, no critical compar-
ttive study has been made to prove the point.

An abundance of luxuriant plants is often cast ashore in San Francisco, indicating the existence
ef extensive subtidal stands. The Alcatraz I. plants were exceptional in not being associated with
sand.

Gigartinaeeae
~dgartina agardhii Setchell & Gardner
~=Dense clumps of rigid reddish-brown fronds ca. 10 cm tall, 3-5 times dichotomously branched,
the branches 2-5 mm wide, furrowed, contorted, papillate; on rocks in upper and middle intertidal
10nes; British Columbia to Pt. Conception, Calif. (type locality: Pyramid Point, MontereyPenin-
Ida, Calif.).

:..San Francisco Bay: Restricted to the western part (Zones I-III).
species has the appearance of a highly dissected G. papillata, to which it is closely related.

work by Dr. John A. West of the University of California at Berkeley shows that it
sexually reproductive and apomictic populations (as does G. papillata). The two species

interfertile. Gigartina agardhii, unlike G. papillata, has not been shown definitely to in-
t Petroeelis stage in its life history.

~ulata Harvey
stands of soft olive-purple fronds mostly 5-10 cm tall with entangled bases, branch-

distichous, the branches cylindrical or somewhat compressed, 2-3 mm wide; on
lower middle intertidal zone; Ore. to Baja Calif. (type locality: "San Francisco," but pos-

t Peninsula.).
ay: Widespread but not abundant in Zones I-III.

locality was stated to be San Francisco and the collector David Douglas (who visited
1830), but the type specimen is labeled merely "California," Only one in situ collection

Point exists, made in 1906, and the species has not been detected either at Lands End
San Francisco, suggesting that the type came from the Monterey Peninsula, the
of Douglas’s California algae.
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Gigartina exasperata Harvey & Bailey (Fig. 5)
Small clumps of soft deep-red foliose fronds mostly 20-40 cm (-1 m) tall, broadly lan

often deeply incised, usually with an abundance of lateral proliferations, conspicuously p
on rocks and shells in lower intertidal zone and subtidal to 18 m in protected waters; A1
Elkhorn Slough (Monterey Co.), Calif. (type locality: opposite Fort Nisqually, Wash.).

San Francisco Bay: Extremely comm on everywhere in the central Bay; forming extensiv
¯ on shells in the area between Alameda and San Mateo Co., the shells (each with one plan
transported onto the shore at Alameda.

Of all the conspicuous components of the San Francisco Bay flora, this alone (among
sumed native species) stands apart from anything on the outer coast. Gardner describe~
distinct species in an unpublished manuscript. My personal experience with similar populat~
been limited to Tomales Bay, so that it is with much uncertainty that I refer the Bay ma
G. exasperata. My concept of the species excludes the thick reddish-brown fronds of th
coast G. californica J. Agardh, which was merged by Abbott & Hollenberg (1976:521)
exa~perata.
Gigartina ornithorhynehos J. Agardh

Small dumps of heavy coarse greenish-purple fronds mostly 20-30 cm tall, cylindr!c~
flattened above, once or twice dichotomously branched, the branches bearing marginal pr
bladelets whichin turn may be proliferous, conspicuously papillate; on rocks exposed to h
in lower intertidal zone; San Francisco Bay, Monterey to Baja Calif. (type locality: "Ca?
probably Monterey Peninsula, Calif.).

San Francisco Bay: Fort Mason.
It is with some uneasiness that I report a single collection of this species from the B~

of the fact that it has not been reported on the outer coast north of Monterey. In the fi
distinctive in both color and form from the ubiquitous G. exasperata.

Gigartina ornithorhynchos J. Agardh (1849) is the oldest available name for the co~
viously known as G. spinosa (KiJtzing) Harvey. The latter name, dating from 1853, is unt
cause of the prior existence of G. spinosa (Linnaeus) Greville, a binomial dating from 1
synonymy of Eucheurna spinosa (Linnaeus) J. Agardh. The type specimen of G. ornith,
was collected by David Douglas in 1833, presumably on the Monterey Peninsula.
Gigartina papillata (C. Agardh) J. Agardh

Clumps of reddish-brown or blackish-brown fronds mostly 10-15 cm tall, dich
branched, the branches narrow or foliose, papillate (male plants yellowish and smooth3
forming a nearly continuous belt in upper and middle intertidal zones; Bering Sea
(Santa Barbara Co.), Calif., Baja Calif. (type locality: uncertain).

San Francisco Bay: Abundant throughout the central Bay.
This extremely polymorphic taxon is a complex of forms, some sufficiently disti

been recognized as species. Polanshek & West (1977) have shown that certain popul
prise sexual plants that alternate with a tetrasporangial crust previously considered an J
alga, Petrocelis. Other populations have an apomictic life history in which the erect f~
cycled, eliminating the Petrocelis stage. Recent unpublished studies show that indi~
may possess the option of reproducing either sexually or apomictically, but the e:
option has not been established. Recognizing the existence of these asexually reprodu
tions helps explain the polymorphism of this complex. Various forms are abundantl3
throughout the central Bay. The Petrocelis stage grows only in the western part (Zo
that all East Bay populations of G. papillata would appear to be apomictic.

The Petrocelis stage is a reddish-black gummy crust that expands indefinitely ore.
upper and middle intertidal zones, in proximity to the erect fronds. The central Co
was described by S etchell & Gardner (in Gardner 1917) as Petrocelis franciscana on
specimen from Fort Point noted as being 2.25 mm thick. While outer-coast plants ~
thicker than 2.5 mm, some patches at Fort Point are up to 5 mm thick. After studyi~
of the Gigartina papillata complex from Alaska, Polanshek & West (1975) conch
Petrocelis stage of that area, P. middendorfii (Rupreeht) Kjellman, described in 1
Okhotsk Sea, showed no significant differences from P. francis¢ana.

On the basis of two specimens of G. papillata collected at "Golden Gate" (almost
Point) by Sven Berggren in 1875, J. Agardh (1899) described a new species, G. ot
type sheet, however, Agardh wrote G. papillata var. obovata. This form, which dc
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taxonomic recognition, is common on the outer coast as well as in San Francisco Bay.
Gigartina volans (C. Agardh) J. Agardh

Loose clumps of purplish-brown fronds mostly 15-25 cm tall, once or twice dichotomously
branched, the branches foliose above a flattened stipe; tetrasporangial blades plane, male blades
with superficial bladelets, female blades with marginal papillae; on rocks covered by sand in lower
intertidal zone and subtidal to 10 m; Ore. to Baja Calif. (type locality: uncertain).

San Francisco Bay: Fort Point and Lime Point.

Iridaea heterocarpa Postels & Ruprecht
Isolated small clumps of thin reddish-brown fronds mostly 10-15 cm tall, often broader than

high with divaricate dichotomous lobes, cystocarps unusually large (-4 mm diam.); on rocks in
middle intertidal zone; Siberia, Alaska to Ventura, Ca/if. (type loca!ity: N. Pacific).

San Francisco .Bay: Fort Point, Lime Point, Pt. Cavallo, Tiburon, Pt. Blunt (Angel I.).
Iridaea splendens (Setchell & Gardner) Papenfuss (Fig. 7)

Small clumps of rubbery purple or brownish-purple iridescent blades mostly 20-40 (-120) cm
long, usually entire but at times longitudinally incised; on rocks from lower middle intertidal zone
to depths of 7 m, often forming belt; British Columbia to Baja Calif. (type locality: Carmel, Ca/if.).

San Francisco Bay: Abundant at nearly all localities within Zones I-IV and at Pt. Richmond in
Zone V.

Certain plants from the western part of the Bay can be assigned to I. heterocarpa with a reason-
able degree of certainty. The remaining plants in the Bay, variable in form but usually lanceolate
and drying uniform purple, possibly represent more than one species, but most seem to belong to
the same taxon. On the basis of such plants, but with a very brief description and without making
comparisons with other species, Setchell & Gardner (1937) described I. sinicola (as Iridophycus
sinicola; type locality: Pt. Cavallo). Abbott (1972) included I. sinicola in the morphological spec-
trum of/. splendens, which she treated as a variety of L cordata (Turner) Bory. It has been shown,
however, that the type of/. cordata was probably collected ’at Isla de los Estados, Argentina,
rather than at Banks Island, British Columbia, as traditionally thought (Leister 1977). Morphologi-
cal studies of South American material of I. cordata indicate that I. splendens can no longer be as-
sociated with that species. Iridaea lilacina Postels & Ruprecht (1840) is probably referable to the
~pecies from the Northwest previously (but incorrectly) known as L cordata, but re-examination
of the type specimen will be necessary to establish the relationship between that taxon and the
San Francisco Bay forms.

Rhodymeniales

Rhodymeniaceae
vmenia californica Kylin .

$$rnall clusters of papery but rigid bright-red fronds, mostly 2.5-6 cm tall, arising from stolon-
base, blades 2-5 times dichotomously divided, segments linear, 1.5-3 mm broad; on shaded
lower intertidal zone and subtidal to 8 m, often forming extensive stands;British Colum-

~ to Nayarit. Mexico (type locality: Pacific Grove, Calif.), Galapagos Is.
Pt. Cavallo (isolated plant).

Ceramiales
Ceramiaeeae

of this family are mostly finely branched filamentous plants. The branches are com-
a single series of cells which may, however, become partially or completely covered by an

layer of cells called a cortex.

red tufts of oppositely branched filaments to 2 cm tall; on shells, wood, animals, or algae
zone and subtidal to 20 m; Alaska to Baja.Calif. (type locality: Victoria, Van-

ay: Various localities within Zones I-IV.
glandulifera (Kylin) Wollaston

silky rose-red tufts of mostly oppositely branched filaments to 5 cm tall, the branches

327

C--050232
G-050234



SAN FRANCISCO BAY

simple; on stones, shells, debris, or algae in lower intertidal and upper subtidal zones;
Columbia to Baja Calif. (type locality: Friday Harbor, Wash.).

San Francisco Bay: Throughout the central Bay; abundant at certain places.
The incidence of gland cells seems to be significantly lower in Bay populations than in tb

the outer coast.
Callitharnnion pikeanum Harvey

Brownish-purple woolly rope-like fronds mostly 10-20 cm long, on sides of rocks expose
least moderate surf in upper and middle intertidal zones; Alaska to Pt. Dume (Los Angel~
Calif. (type locality: "Golden Gate," probably Fort Point).

San Francisco Bay: On almost all rocky shores in Zones I-IV.
This species is a member of the mussel-bed association on the outer coast.

Ceramiurn eatonianum (Farlow) De Toni
Loose tufts of purplish-brown or blackish dichotomously branched filaments, the b

spreading, completely corticated but appearing banded; on rocks and algae, especially in ~
pools; British Columbia to Baja Calif. (type locality: Oregon).

San Francisco Bay: Throughout Zones I-III; also at Berkeley (Zone V).
There is a form of Ceramium with cortication confined to the nodes that occurs in p

waters throughout the Bay on rocks, floats, and algae. Although it is similar to C. gardne
a species of exposed coasts originally described from the Monterey Peninsula, it probab
sents a widespread species not yet recorded from California.
Microcladia borealis Ruprecht

Clusters of grayish-red densely branched fronds mostly 6-14 cm tall arising from a rhi~
base, the branches unilateral and in one plane; on r.oeks, animals, or algae in upper mid.
tidal zone exposed to at least moderate surf; Alaska to Pt. Conception, Calif. (type
Unalaska I.).

San Francisco Bay: Most rocky shores in Zones I-IV.

Mierocladia coulteri Harvey (Fig. 10)
Rose-red densely branched lacy fronds mostly 10-30 cm tall, the branches alterna

plane; on various foliose algae (especially Gigartina, Iridaea, and Prionitis) in middle ~
intertidal zones and subtidal to 10 m; British Columbia to Baja Calif. (type locality: "C~
probably Monterey Peninsula).

San Francisco Bay: Most localities in Zones I-IV.

Neoptilota californica (Ruprecht ex Harvey) Kylin
Clusters of dark-red densely branched feathery fronds mostly 10-25 cm tall, the brant

site and in one plane, the ultimate branchlets with smooth or minutely serrate margin~
(especially Larninaria sinclairii) in lowest intertidal and upper subtidal zones; British C,
Pt. Conception, Calif.-(type locality: Sonoma, Calif.).

San Francisco Bay: Fort Point.

Platythamnion villosum Kylin
Small feathery rose-red tufts of verticfllately branched filaments to 6 cm tall; on rc

or wood in lower intertidal zone and subtidal to 10 m; Alaska to Baja Calif. (type loca!
Harbor, Wash.).

San Francisco Bay: Common throughout the central Bay.

Ptilota filicina J. Agardh
Clusters of dark-red densely branched feathery fronds mostly 10-20 em tall, the bra

site and in one plane, the ultimate branchlets with sharply serrate margins; on rocks
intertidal and upper subtidal zones; Bering Sea to Baja Calif. (type locality: Vancouver

San Francisco Bay: Fort Point; west side of Angel I.

Tiffaniella snyderae (Farlow) Abbott
Turf of grayish-red sparsely branched stiff filaments 2-5 cm tall; on rocks partiall:

sand, lower intertidal zone and subtidal to 20 m; British Columbia to Baja Calif. (t:
Pacific Beach, San Diego Co., Calif.), Gulf of Calif., Chile.

San Francisco Bay: Various localities in Zones I-IV.
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Delesseriaceae

This family merits comment because of its size, widespread distribution, beauty, and importance
to the San Francisco Bay flora. It comprises about 75 genera, with an exceptionally large number
represented in the N. Pacific. Twenty genera are known from central California, many infrequently
encountered, of which seven grow in San Francisco Bay. Four of these seven genera (Asterocolax,
Hymenena, Nienburgia, and Phycodrys) are restricted to Zone I, not occurring beyon, d Pt. Cavallo
or Fort Point. One genus (Psamrnophyllum) penetrates as far as Paradise Beach on the east side of
the Tiburon Peninsula while two (Cryptopleura and Polyneura) are abundant on all shores of the
central Bay. Delesseriaceae are usually easily recognized by their membranous leafy fronds, often
with midribs or veins (or both). Some are large and strikingly beautiful. Most are confined to the
subtidal or the lowest intertidal zone.

Asterocolax gardneri (Setchell) L & G. Feldmann
Clusters of needle-like or flattened but narrow colorless leaflets to 3 mm long, parasitic on

lower portions of fronds of other Delesseriaceae (Nienburgia andersoniana, Phycodrys setchellii,
Polyneura latissima, and Paammophyllum californicum) in lowest intertidal zone and subtidal to
50 m; Puget Sound, Duxbury Reef (Matin Co.), Calif. to Baja Calif. (type locality: Pt. Cavalio, San
Francisco Bay).

This alga is an adelphoparasite-an organism of which the vegetative part is greatly reduced but
the reproductive details closely resemble those of .the host. Adelphoparasites are believed to have
evolved from the ancestral stock of their hosts or possibly from the hosts as we know them at
present. The four known hosts of Asterocolax gardneri are closely related, so that a single deriva-
tion from an ancestral stock seems more probable than multiple origins. Although it has not pre-
viously been recorded on Psammophyllurn, I have collected specimens on that host at Santa Cruz,
~u29interia, and in the Channel Islands.
Cryptopleura violacea (I. Agardh) Kylin (Fig. 6)

Membranous fronds mostly 12-20 cm tall, violet but often with a greenish-brown cast, dis-
~eted flabeilately or subdichotomously into ribbon-like segments with undulate margins frequen-
~ bearing rows of proliferous bladelets; on rocks, mussels, or algae in lower intertidal and upper
I~btidal zones; British Columbia to Baja Calif. (type locality: "Golden Gate," probably Fort Point).
¯ San Francisco Bay: All shores of the central Bay, even areas of industrial pollution; a constant

.companion of Polyneura latissima and Gigartina exasperata.
’ ~ ~Although this species is common in central California, nowhere along the open coast does it
lkrive to the extent that it does in San Francisco Bay.

gera (J. Agardh) Kylin
mostly 10-25 cm tall, membranous but fairly rigid, salmon-pink to dull-red, flabellately

divided into linear-laneeolate segments; on reeks (rarely on algae) in lowest
and upper subtidal zones on fully exposed coasts; British Columbia to Pt. Conception,

(type locality: "Golden Gate," probably Fort POint).
Francisco Bay: Abundant at Lime Point and Pt. Cavallo, but known from Fort Point only

in 1920.
algae that supposedly have isomorphic reproductive stages show varying degrees

heteromorphism, Hymenena flabelligera has three distinct forms. Tetrasporangial plants
.conspicuous linear sori in closely spaced parallel or forked longitudinal rows in the upper por-

Cystocarpic plants are smaller and of a lighter color, with narrower segments, the
cystocarps scattered near the margins. Spermatangial plants are pale and have broad

margins, the sori lying along the margins.
species of Hymenena that was described on the basis of a collection labeled simply

Gate" is H. multiloba (1. Agardh) Kylin. This seaweed is a member of the Mytilus califor-
association, forming extensive stands in mussel beds exposed to heavy surf, and is appar-

from the Bay. The type specimen, if collected in situ, seems likely to have come from
the postal (e.g. Lands End).

species of Hymenena described on the basis of material from "Golden Gate" is H.
Kylin. The two specimens constituting this collection are both sterile, making

difficult if not impossible, but it seems probable that they are referable to
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Nienburgia andersoniana (J. Agardh) Kylin
i’ Clumps of fronds to 30 cm tall arising from a rhizomatous base, membranous but fairly

rose-red to dull-red, alternately and flabellately branched, the branches in one plane, highly ~
able in width (1-16 ram), with coarsely dentate margins and a flattened percurrent midrib
rocks exposed to at least moderate surf in lower intertidal zone and subtidal to 20 m; Alask:
Wash., Tomales Bay (Matin Co.), Cahf. to Baja Calif. (type locality: Santa Cruz, Calif.).

San Francisco Bay: Fort Point (abundant), Pt. Cavallo (occasional).

Phycodrys setchellii Skottsberg
Membranous leaf-like fronds arising from a stoloniferous base, mostly 6-13 cm tall, dark-pin

brownish-red, with elliptical to obovate lobes, conspicuous percurrent midribs, and paired v
on rocks in lower intertidal zone, often at edge of sandy pools and channels, more commonly
tidal to 100 m; Alaska, Ore., Bodega Head (Sonoma Co.), Calif. to Baja Calif. (type locality: !
Beach, San Marco Co., Calif.), Gulf of Calif.

San Francisco Bay: Fort Point (abundant).

Polyneura latissima (Harvey) Kylin (Fig. 13)
Membranous pinkish-red fronds mostly 10-20 cm tall, irregularly incised, the blades with a

spieuous network of coarse veins; on rocks in lower intertidal zone and subtidal to 68 m
outer coast, on various substrates from mean low tide level to undetermined depths in San
ciseo Bay; Alaska to Baja Calif. (type locality: Esquimalt, Vancouver I.).

San Franeico Bay: Abundant throughout the central Bay; on rocks, concrete, wood, :
animals, or algae.

When well-developed and free of epiphytic diatoms, this alga is among the most beauti
habitants of the Bay. While large specimens (30 cm tail and larger) are known from the
coast (particularly from Puget Sound and the Monterey Peninsula), nowhere does this ~,
thrive to the extent that it does in the Bay. Its broad salinity tolerance is evidenced by its
to penetrate San Pablo Bay. Along the outer coast I have observed unusually large plants ~
near sewage outfalls. Even the industrial pollution of the Richmond area does not seem to a
adversely. Especially luxuriant plants are often found in the drift at Fort Point. One such
collected by Sven Berggren in 1875, was described as a distinct species (Nitophyllum
glossurn J. Agardh 1898).

Psammophyllum californicum (J. Agardh) Silva et Moe (Delesseria californica J. Agardh 1~
Erythroglo~sum californicum (5. Agardh)5. Agardh 1898:176)
Rose-pink Linear dentate blades 1.5-3 (-5) cm tall arising from a rhizomatous base; o

covered by sand for at least part of the year, especially at the edges of pools and channeJ
tangled with rhizomes of surf ~rass (Phyllospadix); Dillon Beach (Marin Co.), CaliL to Ba.
(type locality: Santa Barbara, Calif.), Chile.

San Francisco Bay: Paradise Beach; also to be expected at Fort Point and at Pt. Blunt (A
This species is listed in Abbott & Hollenberg (1976:653) as Anisocladella pacifica Ky."

sons for establishing the genus Psarnmophyllurn and for considering Delesseria califo
earlier synonym of Anisocladella paciflca are given in DeCew & Silva (in press).

Rhodomelaceae
Odonthalia floccosa (Esper) Falkenberg

Extensive stands of blackish-brown profusely branched fronds mostly 10-30 cm ta
branches ca. i mm diam., alternately distichous with clusters of lateral branchlets; on
lower middle intertidal zone, often with Rhodornela larix, and in lower intertidal zone, ~
in surge channels; Bering Sea to Pt. Conception, Calif. (type locality: Trinidad, Hum[
CaUf.).

San Francisco Bay: Lime Point, Pt. Cavallo, and southwest side of Angel I.

Genus Polysiphonia
This genus of filamentous red algae encompasses a bewildering array of forms exhibiti

differences in anatomy. Hundreds of species have been described, many of which have be
ited (rightly or wrongly) with widespread distributions. The representation in San Fraz
has not been worked out completely. One inherent difficulty is the possibility that cert
may have been introduced within modern times by ships from distant ports.
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I Polysiphonia brodiaei (Dillwyn) Sprengel
Soft reddish-brown tufts mostly 10-20 cm tall, segments with 6-7 pericentral cells, older axes

fully corticated; on rocks, concrete, or wood in lowest intertidal and upper subtidal zones of
harbors; N. Europe (type locality: Scotland), Puget Sound to Santa Moniea, Calif.

II San Francisco Bay: San Francisco Yacht Harbor, Sausalito.
Polysiphonia flaccidissima I-Iollenberg var. smithii I-Iollenberg

Soft reddish-brown tufts 2-5 cm tall, segments with 4 pericentral cells, all branches uncorti-
cared; on rocks, concrete, or wood, in sheltered water, lower intertidal zone and subtidal to 12 m;
San Francisco to La Jolla, Calif. (type locality: Newport Harbor, Orange Co., Calif.).

San Francisco Bay: San Francisco Yacht Harbor.

Polysiphonia pacifica Hollenberg var. pacifica
Soft deep-red tufts mostly 10-20 cm tall, the erect axes profusely branched in upper portions,

mostly naked below, ultimate branchlets indeterminate, segments with 4 pericentral cells, uncorti-
eared; on rocks, concrete, or wood in lower intertidal zone and subtidal to 30 m; Alaska to Baja
CaliL (type locality: Santa Cruz, CaliL), Peru.

San Francisco Bay: Fort Point.

Polysiphonia pacif~ca Hollenberg var. disticha Hollenberg
Reddish-brown tufts 3-7 cm tall, ultimate branchlets more or less distichous, determinate, short,

relatively rigid; on rocks in upper intertidal zone; British Columbia to San Francisco (type locality:
near Cape Flattery, Wash.).

San Francisco Bay: Sea wall at Fort Point.

Polysiphonia paniculata Montagne
Soft brownish-red tufts or carpets 10-20 (-30) cm tall arising from densely matted prostrate

branches, erect axes sparsely branched below, densely branched above, segments with 10-12 peri-
central cells, uncorticated; on rocks in lower intertidal zone, especially in sandy areas; British
Columbia to Baja Calif., Gulf of Calif., Peru (type locality).

San Francisco Bay: Common throughout the central Bay.
Polysiphonia californica Harvey (1853), which is considered to be conspecific with P. pani-

culata by Hollenberg (1944:480), was described on the basis of a collection from "Golden Gate"
(probably Fort Point).

Pterosiphonia bipinnata (Postels & Ruprecht) Falkenberg
Reddish-brown tufts 6-25 (-50) cm tall, erect axes cylindrical, uncorticated, bipinnately

branched, reeurved branchlets common but sometimes absent, segments with 11-18 pericentral
~ells; on rocks, lower middle intertidal zone .to upper subtidal zone; Japan, Siberia (type locality),
Alaska to San Pedro, Calif.
~̄s~ San Francisco Bay: Common throughout Zones I-IV.
i~ As conceived by Abbott & Hollenberg (1976:706), this species embraces a broad spectrum of

variability. Gardner (1927b: 102) established a segregate species P. robusta (type
Moss Beach, San Mateo Co., Calif.) to accommodate those plants that are exceptionally

and have recurved branehlets near the base of each order of branching. On the shore between
~ausalito and Pt. Cavallo he encountered a population of plants which were even more luxuriant
~ those typical of P. robusta. These plants lacked recurved branchlets and served, along with a

from Neah Bay (Wash.), as the basis for a new variety, P. robusta var. inermis Gardner
r cir.) (type locality: Neah Bay).

(Montagne) Falkenberg
fern-like fronds mostly 2-10 cm tall arising from creeping branches, compressed,

branched; forming extensive stands on rocks in lower intertidal zone and subtidal to
especially in sandy areas; Alaska to Baja Calif., Pacific S. America (type locality: Peru).
Francisco ty: Common throughout the central Bay (Zones I-V).

(C. Agardh) Falkenberg
erect slightly compressed axes to 2 cm tall arising from a rhizomatous base,

or partly bipinnate, the branches cylindrical, slightly ineurved; on rocks in lower
zone; Europe (type locality: Mediterranean), Japan, Oakland (Calif.) to Baja Calif., Gulf

Francisco Bay: Abbott & Hollenberg (1976:71 i) list Oakland as the northern limit for this
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species in California, but this record is not borne out by collections available to me. Previous1
northern limit in California had been cited as Ventura (Dawson 1963:428).
RhodomeIa larix (Turner) C. Agardh

Clusters of firm brownish-black axes mostly 10-20 cm tall closely beset with spirally arr~
simple or compound needle-like branchlets 5-10 mm long; forming dense stands on rocks and
sels in middle intertidal zone; Bering Sea to Goleta (Santa Barbara Co.), CaliL (type loc.
Nootka Sound, Vancouver I.).

San Francisco Bay: Fort Point, Pt. Cavallo, and the southwest side of Angel I.

Class PHAEOPHYCEAE (Brown Algae)
Ectocarpales
Eetoearpaceae

Ectoearpus acutus Setchell & Gardner
Feathery tufts to 7 cm long on Desrnarestia; British Columbia to San Pedro, Calif. (type Io,

Carmel, Calif.).
San Francisco Bay: Zones I-III (Pt. Cavallo, Fort Mason, southwest side of Angel I.).

gctocarpus dimorphus Silva
Tufts of sp~ingly branched filaments 5-20 mm long arising from prostrate base epiph}

Laminariales; British Columbia to Baja Calif. (type locality: Pacific Gro.ve, Calif.), Gulf o
San Francisco Bay: Fort Point (on Egregia rnenziesii and Laminaria sinclairii); undoubt

other localities in Zones I-III.
This species is listed in Abbott & Hollenberg (1976:126) as a synonym orE. parvus (Sa

Hollenberg (type locality: San Pedro, Calif.), but the two entities should probably be kept s
since the latter was originally described as growing on rocks.
Ectocarpu~ siliculosus (Dillwyn) Lyngbye

Feathery tufts to 30 cm long on various aquatic plants or wood, or floating in quiet
widely distributed in N. Atlantic (type locality: England), Coos Bay, Ore. and San Francis,

San Francisco Bay: Sausalito, Richmond (published as f. subulatus by Setehell &
1925:411), Alameda.

A collection from logs at Fort Point, made by Gardner in April, 1916, was reported wit
as E. confervoides (Roth) Le Jolis f. typicus by Setchell & Gardner (1925:414). Similar
has recently been found elsewhere in the Bay and awaits further study.

Giffordia sandriana (Zanardini) Hamel
Silky tufts of profusely branched filaments to 20 cm long on aquatic plants, shells, s

glass, especially in quiet waters; widely distributed in N. Atlantic (type locality: Yugoslav~
Sound to San Diego, Calif.

San Francisco Bay: Lying on shore exposed at low tide at Candlestick Point (San ~
and Coyote Point (San Mateo Co.).

Pilayella littoralis (Linnaeus) Kjellman
Tufts of profusely branched filaments 2-5 (-60) cm long on wood, stones, or other alg

distributed (type locality: N. Europe), Bering Sea to San Pedro, Calif., Chile.
San Francisco Bay: Fort Mason (on Melanosiphon intestinalis f. tenuis).

Streblonema paeificura Saunders
Circular patches 2-4 mm diam. on sporophylls of Alaria; Yakutat Bay, Alaska (typ~

Patrick’s Point (Humboldt Co.), and San Francisco Bay.
San Francisco Bay: Fort Point (on Alaria marginata).

Ralfsiales
Ralfsiaeeae

Analipus ]aponicus (Harvey) Wynne
Extensive thick perennial crusts with annual erect shoots to 35 cm long on rocks e~

least moderate surf in middle intertidal zone; Japan (type locality), Bering Sea to Pt. ~
Calif.
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14
13

Figures 12-14. (12) Fucus gardneri. (13) Polyneura latissima. (14) Laminaria sinclair,
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San Francisco Bay: The crustose base may be detected throughout the year at Pt. Cavallo, Fort
Point, Fort Mason, and Alcatraz I., but even in summer only a few depauperate shoots have been
found.
Petroderma rnaculiforme (Wollny) Kuckuek

Thin brown crusts on stones in lower intertidal zone and subtidal to ca. 20 m; widely distri-
buted in N. Atlantic (type locality: Helgoland), Puget Sound, Humboldt Bay, Duxbury Reef
(Marin Co.) to Monterey, Calif.

San Francisco Bay: Golden Gate Fields (Albany) and Pt. Isabel (Richmond), on sheet of poly-
ethylene plastic embedded in mud.

This species has only recently been detected on the Pacific Coast. It has been found to be the
algal symbiont of a marine lichen (Verrucaria) growing intertidally at Moss Beach (San Marco Co.)
(Wynne 1969:9). Verrucaria grows at several localities within San Francisco Bay (e.g. Fort Mason,
Tiburon), but the algal symbiont of these populations has not yet been studied.

Ralfsia fungiformis (Gunnerus) Setchell & Gardner
Leathery dark-brown crusts 2-6 cm broad, loosely attached, with free overlapping lobes, on

rocks in upper and middle intertidal zones; widely distributed in N. Atlantic (type locality: Nor-
way), Japan, Bering Sea to San Francisco Bay.

San Francisco Bay: Pt. Cavallo (extending the known range southward from Trinidad, Hum-
boldt Co., Calif.).
RaIfsia pacifica Hollenberg

Firmly attached thin brown crusts, common on intertidal rocks; Alaska to Baja Calif. (type
locality: Corona del Mar, Orange Co., Calif.), Gulf of Calif., Chile.

San Francisco Bay: Zones I-III (Fort Point, Fort Mason, Alcatraz I.).

Chordariales
Myrionemataceae

Myrionema corunnae Sauvageau f. uniforme Setchell & Gardner
Minute circular patches (ca. 1 mm diam.) on blades of various Laminariales; San Francisco Bay

(type locality: Fort Point) and Moss Beach (San Marco Co.), Calif.
San Francisco Bay: Fort Point (on Alaria marginata), Pt. Cavallo (on tip of blade of juvenile

Egregia rnenziesii).
Other forms of this widespread N. European species have been reported from Humboldt Co.,

Monterey Co., and Pt. Lobos, San Francisco.

Corynophlaeaeeae
~lindrocarpus rugosus Okamura
~! Dark-brown, spongy, convoluted roundish crusts on rocks in upper middle intertidal zone;
Japan (type locality), MacKerricher Beach State Park (Mendocino Co., Calif.) to Baja Calif.

San Francisco Bay: Fort Mason.

Dictyosiphonales

Punetariaeeae
(Saunders) Wynne f. tenuis (Setchell & Gardner) Wynne

Tufts of dark reddish-brown unbranched cylindrical shoots to 2.5. cm tall on rocks in upper-
intertidal zone; Coos Bay, Ore., Duxbury Reef (Marin Co., Calif), San Francisco (type lo-
Fort PoinO.

Bay: Fort Point, Fort Mason.
alga closely resembles Scytosiphon dotyi and even occurs in the same habitat. It can be

with certainty only by anatomical examination. The nominal form of this species
in which the shoots are much larger and usually twisted, is widely distributed in
(type locality: Popof I., Alaska).

irregulare Setchell & Gardner
stands of blackisli-brown papery blades, wedge-shaped, irregularly notched, mostly 6-12

arising from an indefinitely expanded coalescence of crusts on rocks in lower middle and
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lower intertidal zones, usually associated with sand; Yakutat Bay, Alaska to Pt. Conception,
(type locality: Bolinas, Matin Co., Calif.).

San Francisco Bay: Fort Point, Fort Mason, Pt. Blunt (Angel I.).

Scytosiphonales
Scytosiphonaceae

Petalonia fascia (O. F. Mfiller) Kuntze
Isolated clusters of greenish-brown linear-lanceolate blades to 35 em tall, arising from d!

base, on rocks in middle intertidal zone; widely distributed in N. Atlantic (type locality: Nor
Japan, Alaska to Baja Calif., Chile.

San Francisco Bay: Camp Reynolds (west side of Angel I.), Tiburon.
$cytosiphon dotyi Wynne

Tufts of yellowish-brown unbranched cylindrical shoots to 12 cm tall on vertical faces
tiers and cliffs in uppermost intertidal zone; Coos Bay, Ore. to Pt. Conception, Calif. (type lo
Pillar Point, San Mateo Co., Calif.), Channel Is., Islas Coronados (Baja Calif.).

San Francisco Bay: Fort Point.
Another, much larger species of ScytoMphon, S. lomentaria (Lyngbye) Link, which is

throughout the world in high tide pools on exposed coasts and on stones and wood at lowe
in harbors, seems to be absent from San Francisco Bay. A form of Scytosiphon lomentaria (
planatus minor) was described by Setchell & Gardner (1925:534) on the basis of materi
Fort Point which Wynne (1969:34) referred to his new species S. dotyi.

Sphaceladales
Sphacelariaceae

Sphacelaria furcigera Kfitzing
Tufts of stiff, sparsely branched filaments to 1 cm tall arising from a base of entangled

filaments, with slender bifurcate propagula; on rocks or algae in lower intertidal and upper
zones; widely distributed in temperate and tropical waters (type locality: Persian Gulf),
from Alaska to Baja Calif., Costa Rica, Galapagos Is., Chile.

San Francisco Bay: On rocks at Paradise Beach. (This determination was ldndly made
F. Prud’homme van Reine of the Rijksherbarium, Leiden, Netherlands.)

Desrnarestiales
Desmarestiaceae

Desmarestia herbacea Lamouroux (Fig. 16)
Erect fronds golden-brown, to 4 m long, arising from discoid holdfast, oppositely b:

one plane, the axes compressed, the blades foliose; on rocks or wood in lower intertida
subtidal to 15 m; Alaska to Baja Calif. (type locality: "North-west coast of America").

San Francisco Bay: Fort Point, Lime Point, Pt. Cavallo, Fort Mason, west side
A broad form, possibly representing a distinct species (D. munda Setchell & Gardner

found at Pt. Blunt (Angel I.) and on floats at the San Francisco Yacht Harbor. Both
and D. munda are listed in Abbott & Hollenberg (1976:222) as synonyms of D. ligu
foot) Lamouroux (type locality: Scotland), but the argument offered in support of thi
is not convincing.

Desmarestia herbacea, like certain other species in the genus, has a high concc
sulfuric acid in its cell sap. When the alga is collected, the acid is released, produc
odor and decomposing any plant material that it touches.

Laminariales
Members of this order are known as "kelps." One of many distinctive features is

in each frond of a localized meristematic tissue-that is, a group of cells responsible f
new cells. The general plan of organization includes an attachment organ (holdfast), a
and a blade, with the meristem located at the juncture of blade and-stem. In some
is branched repeatedly, each branch having its own meristem. The ultimate result of th
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is Macrocystis, the giant kelp, individual plants of which may be 45 m long and with hundreds
of stipes and blades. Kelps are especially diverse and abundant in the colder waters of the N.
Pacific. Since most kelps grow in situations exposed to heavy surf, it is not surprising that only
three genera of the eleven known from central California occur in San Francisco Bay.

Laminafiaceae
Laminaria sinclairii (Hooker L & Harvey) Farlow, Anderson & Eaton (Fig. 14)

Dense stands of branched rhizomes bearing numerous stiff stipes to 30 (-50) cm tall, 3-5 mm
diam., each terminating in a linear blade to 4 (-11) cm broad, 55 cm long, on rocks in lower inter-
tidal zone, often partially covered by sand; British Columbia to Ventura, Calif. (type locality:
"San Francisco," probably Fort Point).

San Francisco Bay: Abundant on most shores of the western part of the central Bay (Zones I-
III), even in localities (such as Alcatraz I.) without sand; an important component of the flora.

While the stipes persist for more than a year, the blades may be regenerated, especially in ear!y
spring. Irregular growth forms, such as branched stipes, are often encountered. Since growth of the
blade is initiated by the meristem at its base, the tip is the oldest portion and is thus vuinerable to
colonization by minute algae, especially filamentous brown and red algae. Small black dots, how-
ever, usually turn out to be infestations of a blue-green alga, Entophysalis conferta (Kiitzing)
Drouet & Daily.

Alariaceae

Ala~ia marginata Postels & Ruprecht
Single unbranched stipe 2-7 cm long attached by mass of branched haptera, terminating in

single blade 2-4 (-6) m long, 10-20 (-30) cm broad,, with conspicuous percurrent midrib; 10-20 el-
liptical sporophylis borne pinnately at juncture of blade and stipe; on rocks in lower intertidal
zone to shallow subtidal depths, exposed to at least moderate surf; Alaska to Pt. Buchon (San Luis
Obispo Co.), Calif. (type locality: Unalaska I.).

San Francisco Bay: Although this species barely gets beyond the portals (to Fort Point and Pt.
Cavallo), it thrives at Lime Point, plants reaching more than 2 m in length with blades 20 cm broad.

ggregia menziesii (Turner) J. E. Areschoug (Fig. 11)
Stipe arising from conical holdfast, bearing numerous strap-like branches to 15 m long, densely

fringed with ffliform to spatulate blades to 6 cm long, some of which develop spindle-shaped to
subspherieal air bladders; straps and blades tuberculate; forming belt on rocks in lower middle
~utertidal zone to shallow subtidal depths; British Columbia to Pt. Conception, Calif. (type locality:
Nootka Sound, Vancouver I.).

San Francisco Bay: Abundant in the western half of the central Bay, extending into Zone IV
(Yerba Buena I.). In protected areas there is a tendency for the blades to become dissected and for
the incidence of tubercles to decrease.

Fucales
: Members of this order are known popularly as "rockweeds." Almost all cool north temperate

thores support a high or mid-level intertidal band of Fucaceae and a lower intertidal and shallow
II~btidal band of Cystoseitaceae. The colder waters of the southern hemisphere abound in a great
~riety of Cystoseiraceae and other Fucales, while tropical waters everywhere are noted for their
tl~Undance of Sargassaceae.

Fueaeeae
Silva (Fig. 12)

diehotomously branched dark-brown fronds mostly 12-30 cm tall with flattened and some-
reproductive terminal segments, arising from spongy base, forming belt on rocks in

and middle intertidal zones; Alaska (type locality: "Unalaschka," possibly in error) to Pt.
Calif.

Francisco Bay: Abundant on all shores of the central Bay; an important component of ~he

this genus thrive in harbors throughout the cool part of the North Temperate Zone.
are often epiphytized by the green algae Enterornorpha and 07va and by various minute

brown algae.
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Gardner (1922) recognized the San Francisco Bay populations of Fucus from Pt. C
ward as representing a distinct species, which he named F. nitens. He considered a series o
tions between Pt. Cavallo and "some distance west of Lime Point" to be intermediate me
cally between F. nitens and the outer-coast species F. gardneri. Future studies of the
should include a reappraisal of F. nitens.

Fucus gardneri is included by Abbott & Hollenberg (1976:261) in their circumsc~
F. distichus subsp, edentatus (de la Pylaie) Powell (type locality: Newfoundland), bu
perience with the latter in Nova Scotia leads me to believe that this treatment is incorrect

Pelvetia compressa (J. Agardh) De Toni
Subcylindrical dichotomously branched yellowish-brown or greenish-brown fron,

20-40 cm tall with swollen reproductive terminal segments, on rocks in upper intert
Shelter Cove (Humboldt Co.), Calif. to Baja Calif. (type Iocality: Monterey Peninsula).

San Francisco Bay: This common outer-coast rockweed is scarce inside the Bay,
found only on the southwest side of Angel I.

This species is listed in Abbott & Hollenberg (1976:261) as P. fastigiata (J. Agardh
Reasons for the change of name are given in DeCew & Si!va (in press).
Pelvetiopsis limitata (Setchell) Gardner

Flat dichotomously branched yellowish-brown fronds mostly 4-8 cm tall, arcuate, w
reproductive terminal segments, on rocks in upper intertidal zone; British Columbia to
(San Luis Obispo Co.), Calif. (type locality: Lands End, San Francisco).

San Francisco Bay: Most rocky localities within Zones I-III.
Populations with broader, longer (-i 5 cm), and straight branches and larger repro~

ments have been described as L lata by Gardner (1910). This form is found at Pt. C,
locality), Tiburon, and on the southwest side of Angel I.

[Ascophyltum nodosum (Linnaeus) Le Jolis]
A common N. Atlantic rockweed, used in packing bait worms, lobsters, and other

for shipment to the Pacific coast. Pieces of Ascophyllum are frequently encount
Francisco Bay, following the trail of fishermen and restaurant workers. Since Ascophy
in estuarine situations and has a form that lies loose on mud flats, the probability that
tually become established in San Francisco Bay seems high.

Sargassaeeae
Sargassum muticum (Yendo) Fensholt (Fig. 9)

Bushy plant with main axes arising from spongy holdfast or as branches from low.
primary axes, to 2 (-10) m long, profusely branched, ultimately fringed with branchi¢
of leaves and axillary air bladders and reproductive structures; on rocks in lower in
and subtidal to 5 m, forming dense stands in quiet waters; Japan (type locality), Eng
sporadic from Alaska to Punta Baja, Baja Calif.

San Francisco Bay: San Francisco Yacht Harbor; inside breakwater at Fort Bake
Yerba Buena I.; East Bay (Alameda to Albany).

Most species of Sargassum inhabit warm, fully saline water, and the two that are
fornia follow this pattern, growing on the outer coast south of Pt. Dume (Los Ang
exceptional distribution of S. muticum, encompassing a relatively wide range of
salinity, is directly related to its remarkably broad physiological tolerances, rapid grc
high reproductive capacity (Norton 1976). It is a weed in the sociological sense of a
outside its original range and in such a manner as to be unwanted. It was introdl
western North America, presumably in shipments of oyster spat from Japan, just bef
II. It was first collected in British Columbia in 1944 and near Coos Bay, Ore. in 194"
ly, it has spread sporadically both northward and southward into protected wat,
covered in northern California in 1963 (Crescent City), southern California in 1970
I.), and in San Francisco Bay in 1973 (Berkeley). It was detected in southern En
possibly having been introduced in shipments of Japanese oysters from British
English established a task force to devise means of eradicating the weed, fearin~
displace eel grass (Zostera marina) and other native plants and that the long dens,
foul small boats in harbors. The eradication program was largely unsuccessful.
Bay, S. muticum has spread rapidly and is especially abundant on the east side of
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Undoubtedly it will soon become established at Sausalito.
There is no evidence that S. muticum is displacing the native biota of San Francisco Bay. It is a

popular host for various epiphytes, and it will be of interest to determine whether the epiphytes in
San Francisco Bay are native or introduced. Unfortunately, most genera of these epiphytes include
many poorly defined species that have been assigned wide geographic distributions and hence offer
great taxonomic difficulties.

Class XANTHOPHYCEAE (Yellow-Green Algae)

Vaucheriales

Vaueheriaeeae

Vaucheria longicaulis Hoppaugh
Dense blackish-green mats on mudflats; Bodega Bay (Sonoma Co.) to Elkhorn Slough (Monte-

rey Co.) (type locality), CaliL
San Francisco Bay: East Bay mudflats.

Class CHLOROPHYCEAE (Green Algae)

Ulotrichales

Ulotriehaeeae

Genus UTothrix
Members of this genus occupy fresh-water, brackish-water, and marine habitats. Several species

have been accredited with almost cosmopolitan distribution in harbors, where they form soft
green coatings on various substrates in the upper intertidal zone, often intermixed with one
another and with Urospora and Bangia. In the Herbarium of the University of California at Berkeley
are collections from San Francisco Bay determined by Setchell & Gardner as belonging to three
species:

07othrix flacca (Dillwyn) Thuret. Type locality: Wales. San Francisco Bay: Berkeley (on wood).
Ulothrix implexa (Kiitzing) Kfitzing. Type locality: Netherlands. San Francisco Bay: San Fran-

dsco Marina (on wood).
07othrix pseudoflacca Wille. Type locality: Norway. San Francisco Bay: San Francisco Marina

(on boulders).
9" A comparison of the treatment of these cosmopolitan species in various well-known floristic ac-
~0unts reveals so many significant conceptual differences as to destroy all confidence in the ability
. determine the San Francisco Bay representatives with any degree of meaningfulness. Certain re-

collections agree with the descriptions provided by Setchell & Gardner (1920b), but others
have combinations of characters that would seem to preclude the application of any existing name.

studies are essential to elucidating the diagnostic value of such traditional characters as
of the filament, shape of the cells, number of pyrenoids, and whether the chloroplast is a

or incomplete ring.

Ulvales
Monostromataeeae

(Kiitzing) Dory
monostromatie sac soon expanding into an irregularly lobed and folded free-floating

to 30 cm broad, 40 cm tall, soft, delicate, pale-green, in quiet brackish waters; wide-
(tYpe locality: Baltic Sea), British Columbia to S. Calif.

Bay: Salt marshes. .... -~:: ..
¯ the Herbarium of the University of California at Berkeley are collections from San Francisco

by Setchell & Gardner as belonging to three widespread species: M. lati, ssimum .~.....
M. orbiculatum Thuret, and M. quaternarium (Kfitzing) Crouan frat. D0t~ (1947),:fol-

(1931), considered all three species to be conspecific .with M. oxyspermum.
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Ulvaceae
Blidingia minima (Kiitzing) Kylin vat. minima

Clusters of light-green tubes mostly 5-15 cm tall arising from cushion-like base, tubes cylin
or compressed, unbranched or occasionally with basal proliferations, forming nearly cont~
belt on rocks or wood in upper intertidal zone; widespread (type locality: Helgoland, Gem
Alaska to Mexico, Chil~.

San Francisco Bay: Abundant throughout the Bay.

Blidingia minima (Kiitzing) Kylin vat. subsalsa (Kjellman) Scagel
Tubes light-green, highly proliferous, often entangled and distorted, on rocks, shells, wc

other aquatic vegetation, or free-floating on mudflats, common in protected brackish waters
spread (type locality: Arctic Ocean), Alaska to Ventura Co., Calif.

San Francisco Bay: Richardson Bay; Alameda.

Blidingia minima (KiJtzing) Kylin vat. vexata (Setchell & Gardner) J. Norris
Tubes deep-green to nearly black, flattened, linear to spatulate, usually unbranched,

by black or brown wart-like fruiting bodies of an infesting fungus, .on rocks in upper interti.
splash zones, British Columbia to Monterey Co., Calif. (type locality: Fort Point, San Fra~

San Francisco Bay: Throughout Zones I-IV (not yet detected in East Bay).
This type of algal-fungal association, in which the habit of the alga predominates, is te

mycophycobiosis in distinction to a true lichen. The fungus is an ascomycete, Turgidc
ulvae (Reed) L & E. Kohlmeyer (1972).

Enteromorpha clathrata (Roth) Greville var. clathrata
Light-green profusely branched plants to 40 cm tall, the branches in the form of a m

marie tube, flliform, cylindrical to compressed, with multiseriate endings, the cells in long
rows; on rocks, wood, or other algae or free-floating on mudflats, upper and middle i
zones in protected brackish waters; widespread (type locality: Baltic Sea, Germany), ,~
Mexico.

San Francisco Bay: Quiet brackish habitats, as at Sausalito and Alameda.

Enteromorpha clathrata (Roth) Greville vat. crinita (Roth) Hauck
Branch-endings uniseriate; on rocks, wood, or other aquatic vegetation or free-floatin[

flats, upper and middle intertidal zones in protected waters; widespread (type locality: N
Germany), Alaska to Mexico.

San Francisco Bay: Protected habitats, such as Belvedere, Alameda, San Francisco Y
bor, San Mateo Co.
Enteromorpha compressa (Linnaeus) Greville

Light-green profusely branched plants to 40 cm tall, the branches in the ~orm of a
marie flattened tube, rarely rebranched, the cells irregularly arranged; on rocks, shells
on other algae on semiproteeted outer coast or in estuaries, throughout the intertidal z
spread (type locality: Sweden), Bering Sea to Costa Rica.

San Francico Bay: Sausalito; to be expected in other protected habitats.
Enteromorpha [lexuosa (Roth) J. Agardh

Dark-green usually unbranched plants mostly 4-8 cm tall, cylindrical in basal ha]
slightly compressed in upper half, cells in longitudinal rows in narrow portions; on rock
other algae or free-floating on mudflats in estuaries, throughout the intertidal zone;

’ (type locality: Adriatic Sea), British Columbia to Central America.
~’ San Francisco Bay: Lake Merritt; to be expected in other protected habitats.

Enteromorpha intestinalis (Linnaeus) Link
Yellowish-green or grass-green unbranched tubes mostly less than 20 cm tall, cylindr~

out or often compressed, crisped and contorted distally, the cells ixregularly arrange
wood, or other algae or free-floating in protected bays and estuaries, upper and rnid~
zones; widespread (type locality: N. Europe), Alaska to Mexico.

San Francisco Bay: Common in many parts of the Bay.
Enteromorpha linza (Linnaeus) J. Agardh

Grass-green unbranched plants mostly 15-40 cm tall, the basal portion a cylind
stipe, the upper portion a flattened distromatic blade with hollow margins; on roc
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other algae in semiprotected habitats of outer coast and bays, middle and lower intertidal zones;
widespread (type locality: N. Europe), Alaska to Mexico.

San Francisco Bay: Common throughout the Bay.

Enteromorpha prolifera (O. F. Mfiller) I. Agardh
Grass-green profusely branched plants to 60 cm (-2 m) tall, main axis distinct, tubular, cylindri-

cal to compressed, with few to numerous tubular proliferations, the cells of younger portions in
longitudinal rows; on rocks or wood or free-floating in bays and estuaries, upper and middle inter-
tidal zones; widespread (type locality: Denmark), Alaska to Mexico.

San Francisco Bay: Tiburon; to be expected in other protected habitats.
Percursaria percursa (C. Agardh) Rosenvinge

Entangled masses of pale-gre~en unbranched filaments composed of 2 cell rows, floating in high
pools in salt marshes; widespread (type locality: Denmark), Alaska to Washington, Tomales and
San Francisco bays in Calif.

San Francisco Bay: Sausalito, Richmond.

Ulva angusta Setcheil & Gardner
Membranous blades mostly to 35 cm tall, pale grass-green, distromatic, undivided, linear to ob-

lanceolate, spirally twisted with ruffled margins, on rocks or other algae, intertidal, Ore. to Baja
Calif. (type locality: Moss Beach, San Mateo Co., CaliL).

San Francisco Bay: Throughout the central Bay.
Ulva expansa (Setchell) Setchell & Gardner

Membranous blades mostly to 1 m long, pale-green to medium-green, distromatie, orbicular to
irregularly expanded, undivided but with deeply ruffled margins; weakly attached to rocks, shells,
or other algae, usually becoming free-floating, in protected waters, lower intertidal and upper sub-
tidal zones, British Columbia to Baja Calif. (type locality: Monterey, Calif.).

San Francisco Bay: Salt marshes.

Olva lobata (K~tzing) Setchell & Gardner
Membranous blades mostly 10-30 cm tall, to 15 cm broad, rich grass-green, distromatic, broadly

obovate, deeply lobed with ruffled margins; on rocks or occasionally on other algae, middle inter-
tidal zone to upper subtidal zone, Ore. to Mexico, Pacific S. America (type locality: Chile).

San Francico Bay: Throughout the central Bay.
The various species of Ulva are commonly called "sea lettuce."

Chaetophorales
L’haetophoraeeae

F, ndophyton ramosum Gardner
Green filamentous endophyte, forming irregular dark-colored areas in lower part of host, in

of various red and brown algae (especially [ridaea), lower intertidal zone, Wash. to Redondo
Co.), Calif. (type locality: Fort Point, San Francisco).

San Francisco Bay: In Iridaea splendens at various localities in Zones I-IV; in Gigartina exasper-
at Alameda and undoubtedly elsewhere.

geniculatum Gardner
filamentous endophyte, forming greenish areas on host, in blades of various red and

algae (especially Laminariales), lower intertidal zone, Wash. to Redondo Beach (Los Angeles
, Calif. (type locality: Fort Point, San Francisco).

Francisco Bay: In Laminaria sinclairii at Fort Point; to be expected throughout range of

Setchell & Gardner
dark-green crusts composed of closely adjoined radiating prostrate filaments, on shells of

raollusks in intertidal zone, South Bay, Ore. and San Francisco Bay (type locality: Alameda).
Francisco Bay: Alameda (on Ilyanassa obsoleta, the dog whelk).

Cladophorales
Codiolaceae
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Urospora doliifera (Setchell & Gardner) Dory
, Dark-green filaments 3-9 cm long, uniseriate, unbranched, forming a slippery coating on

in upper intertidal zone, Ore. and San Francisco (type locality: San Francisco Marina).
San Francisco Bay: San Francisco Marina.
This apparently rare species is also known from Lands End (San Francisco).

Urospora penicilliformis (Roth) J. Areschoug
Dark-green filaments 3-7 cm long, uniseriate, unbranched, forming a slippery coating on rou

boulders in upper intertidal and upper middle intertidal zones, often intermixed with Bangft
07othrix; widespread (type locality: Germany), Alaska to S. Calif.

San Francisco Bay: Most localities in Zones I-IV.
These two species of Urospora are distinguishable only by such microscopic characters

size and shape of the cells and the number of pyrenoids in each cell.

Acrosiphoniaeeae
Spongoraorpha coalita (Ruprecht) Collins

Profusely branched uniseriate filaments entangled in strands with the appearance of a
rope, to 25 em tall, grass-green to dark-green; on rocks in lower intertidal zone; Alaska to Pt
ception, Calif. (type locality: Sonoma Co., CaliL).

San Francisco Bay: Fort Point, Lime Point, Alcatraz I., west side of Angel I.

Spongomorpha mertensii (Ruprecht) Setchell & Gardner
Branched uniseriate filaments entangled basally, fairly rigid and free distally, to I0 c.

bright-green; on intertidal rocks or algae; Alaska (type locality: Sitka) to Carmel, CaliL
San Francisco Bay: Fort Point.
The Fort Point population was described as a new form (f. limitanea) of Spongomorph

(Dillwyn) Kiitzing by Collins (1911). This entity was later referred to S. mertensii by Set,
Gardner (1920a:280). Most species in Spongomorpha are poorly defined, however, so tl
present placement must be considered highly tentative. It is important to note that the For
plants were "growing on a stone wall, just above high water mark, with fresh water rurmi:
it," whereas S. arcta and S. mertensii are said to be found in the middle and lower intertid~

Cladophoraceae
Chaetomorpha aerea (Dillwyn) Kiitzing

Dense stands of coarse dark-green unbranched uniseriate filaments usually 5-15 (-25) c
the cells 0.12-0.3 mm diam., 0.5-2 times as long; on rocks or concrete, often in high tide p~
also at lower intertidal levels; widespread (type locality: England), Ore. to Baja Calif.

San Francisco Bay: Fort Point (in depressions in the upper middle intertidal zone and
bles and concrete in the lower middle intertidal zone).
Chaetomorpha catifornica Collins

Dense stands of fine green unbranched uniseriate filaments to 20 cm lo~g, the cells 0
mm diam., about 4 times as long; on sand in shallow pools in upper intertidal zone, Cal:
Beach, Sonoma Co. to San Francisco Bay; Laguna Beach; type locality: La Jolla) and or
at depth of 10 m, Strait of Juan de Fuca, Wash.

San Francisco Bay: Pt. Blunt (Angel I.).
Except for its small stature (6-7 ram), the Pt. Blunt material fits the original descriptic

species perfectly.

Cladophora amphibia Collins
Basal layer of densely branched prostrate uniseriate filaments giving rise to short erect f

which in turn may produce slender descending rhizoids; forming a turf on the groun
pickle weed (Salicornia) along high-tide line, Alameda, San Francisco Bay (type locality).

San Francisco Bay: As above.
This species is known only from the type collection and thus needs to be reinvestigate

possibly be referrable to Spongomorpha.

Cladophora columbiana Collins
Bright-green matted tufts, hemispherical to laterally expanded, mostly 3-5 cm thick,

ring sand, the filaments uniseriate, branching di- or trichotomously in lower portion, u
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16..~17-’/"     o    I cm ~¢m

15-17. (15) Codium fragile subsp, tomentosoides. (16)Desmarestia herbacea.
(17) Bryopsis sp.
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above, on rocks in upper intertidal zone, especially in cracks and depressions; British Coin
(type locality: Port Renfrew, Vancouver I.) to Baja Calif.

San Francisco Bay: Present, but neither abundant nor luxuriant, at Fort Point, Pt. Cavallo, I
Mason, and Stuart Point (west side of Angel I.).
Cladophora sericea (Hudson) Kfitzing

Yellowish-green to light-green plants to 30 (-50) cm tall, composed of slender uniseriate
ments, main axes irregularly dichotomously branched, the branches unilateral or bilateral, flo~
in quiet pools; widespread (type locality: England), Alaska to San Diego, Calif.

San Francisco Bay: Oakland.
A collection of sparsely branched Cladophora from a warm-water pool near the old Key

Power House in Oakland was described as a new form (f. eramosa) of C. rudolphiana (C. Aga
Kfitzing by Gardner (in Collins 1918:81). This entity has been referred to C. sericea by Abbc
Hollenberg (1976:108).

Two large and beautiful species of Cladophora growing on shells at Alameda have not yet
satisfactorily identified.

Lola lubrica (Setchell & Gardner) A. & G. Hamel
Pale-green or yellowish plants 30-50 em long, composed of straight unbranched uniseriat,

ments, forming dense lubricous mats, entangled with other algae or free-floating on mu~
N. Atlantic, Alaska, Wash. to Costa Pica (type locality: Oakland, Calif.).

San Francisco Bay: Oakland.
The generic placement of this species is questionable inasmuch as the co.ncept of the

Lola was based on material from Atlantic France identified with Rhizoclonium lubr~cum Se
& Gardner rather than on material from the type locality (Oakland).

Rhizoclonium implexum (Dillwyn) KiJtzing
Yellowish-green mats of unbranched uniseriate filaments, floating, on mud, or entangle~

other algae, on outer coast but especially frequent in protected areas such as sloughs and m:
widespread (type locality: Ireland), Alaska to Mexico, Galapagos Is.

San Francisco Bay: Camp Reynolds, west side of Angel I. (entangled with Gigartina ca~
lata in lower middle intertidal zone); Fort Mason (with Rhodochorton purpureurn on sJ
trench and on stick in upper intertidal zone).

Codiales
Bryopsidaeeae

Bryopsis ¢orticulans ’Setchell
Clusters of blackish-green coenocytic fern-like fronds 4-10 (-16) cm tall, main axes tc

diam., percurrent, naked below, pinnately branched 2 or 3 times above, branches tendin
progressively longer toward base, ultimate pinnules mostly 0.12-0.25 mm .diam., male and
gametes produced on separate plants; usually on vertical sides of rocks in lower intertid:
British Columbia to Baja Calif. (type locality: Carmel Bay, Calif.).

San Francieo Bay: Southwest side of Angel I.
The delineation of species within this genus is notoriously difficult. There are few mot

cal characters and strong suspicion that at least some of these are markedly influenced by ~
ture, salinity, and the amount of wave action. In exposed situations on the outer coast o
and northern California the only species of Bryol~sis is B. corticulans, which, while wides
seldom abundant. Bryopsis hypnoides Lamouroux (type locality: Mediterranean France)
~eported occasionally from protected waters (e.g. on sand-covered rocks at Pebble Beach
Bay, and on docks in Humboldt Bay). Within San Francisco Bay, Bryopsis has not yet be,
in Zones I or II. It grows sparingly .on docks and piling at Tiburon, Ayaia Cove (Ange~
Yerba Buena I. and on rocks at Pt. Blunt (Angel I.). In the East Bay and at Coyote Pc
Mateo Co.), by contrast, it is seasonally abundant.

The doctoral resgarch of Dennis E. Shevlin at the University of California at Berkeley
of the reproductive biology of Bryopsis-clearly shows that more than one species is re!
in the Bay. Dr. Shevlin has kindly allowed me to report those results that are pertine
taxonomy of the genus. He can distinguish in the field (specifically, on the docks at the
Yacht Harbor) three entities growing in close proximity.
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One form (Fig. 17) is a robust, densely branched plant that does not reproduce sexually, either
in nature or in culture. This entity is an important member of the flora of the East Bay from
Alameda to Richmond and at Coyote Point. We have observed it e~pecially at Golden Gate Fields
(Albany), where it appears in early spring on various substrates in the lower intertidal zone and
develops explosively until it becomes one of the more .conspicuous components of the flora in late
June and early July. This same entity has been cast ashore at Alameda in large quantities every
summer since at least 1951 (when I was introduced to the phenomenon), constituting a significant,
though minor part of an algal mass that becomes a nuisance as it decomposes. Such behavior is
dearly that of a weed, but the original home and identity of this plant is undeterminable in the
absence of sexual reproduction. Branching is inconsistently distichous, with the ultimate pinnules
of irregular length but frequently long, tapered at both ends, .mostly 0.07-0.22 mm diam., and
often discontinuous along the axis. Each prima.ry branch .develops a cluster of irregularly branched
rhizoids at its base. Rapid propagation is undoubtedly facilitated by abscission of these plantlets.

A second entity is monoecious, the fertile pinnules (gametangia) producing both male and fe-
male gametes. In some plants the male gametes are formed in the proximal portion of the gametan-
gium, in others in the distal portion, the pattern being maintained in culture as a strain-specific
character. This entity forms clusters with fewer and les~ robust fronds than the weed. Branching is
mainly radial, but subdistichous at the tips, with the ultimate pinnules cylindrical or gradually
tapering distally, long, slender (mostly 0.035-0.07 mm diam.), and closely investing the axis.

A third entity is dioecious, with separate male and female plants, as in B. corticulans. Branches
arise radially from the main axis, but the ultimate pinnules are distichous and more or less in one
plane, fusiform, mostly 0.07-0.14 (-0.165) mm diam., and of approximately the same length along
the axis, giving the frond a fern-like appearance.

Comparative studies of such cytological features as the plastid, which would undoubtedly help
in the identification of the various forms of Bryopsis in San Francisco Bay, have not yet been
undertaken. The present assignment of certain collections from Angel I. to B. corticulans is tenta-
tive in that the reproduction of those populations has not been investigated.

Codiaeeae
CodiumfragiIe (Suringar) I-Iariot subsp, tomentosoides (van Goor) Silva (Fig. 15)

Small clumps of blackish-green plants mostly 10-25 cm tall, dichotomously branched, spongy,
formed by a complex interweaving of coenocytic filaments; on rocks or shells in lower intertidal
~td upper subtidal zones; N. Atlantic (type locality: Netherlands), Mediterranean, New Zealand,
San Francisco Bay.
:-.’. $an Francisco Bay: Alameda; Coyote Point (San Marco Co.).

alga, which is a weed in the sociological sense of a plant that grows rankly in unwanted
has been introduced into San Francisco Bay within the last few years by some yet unde-

l~rrninedmeans. At the present time it occurs in abundance only at Coyote Point, but it may be
to spread into the central Bay. Although this subspecies was first described from the

(as an introduced plant), its original home probably is Japan (type locality for C.
where it forms an undetecthble part of the morphological and physiological spectrum

by the highly variable parental species. In this respect it is similar to Sargassum
the other well-publicized weed in San Francisco Bay. Its weediness is due to its broad

ical tolerance and unusually great reproductive capacity. Wherever this weed has been
populations have been shown to be solely female, with the female gametes capable of

development. It thus comprises a single clone or at most a few clones.
geographic non-weedy subspecies of Codium [ragile have been recognized. The sub-

to California (ranging from Alaska to Baja Calif.) has a sporadic distribution on the
coast, being locally abundant but confined to specific rocks. It has not been found within
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Around 8,000 to 10,000 years ago, sharply rising sea levels nursed a newborn
San Francisco Bay estuary whose tidal marshes probably covered less area than
open water. Thereafter the rate of submergence decreased about I 0-fold, and by
6,000 years ago sediment began to maintain marshes that later spread across
marginal parts of San Francisco Bay. By thus counteracting or overtaking sub-
mergence, sedimentation created marshes that, as of 1850, covered about 2200
km2, nearly twice as much-area as the bays. People have leveed or filled all but
approximately 85 km2 of these marshes during the past 125 years. Concurrent-
ly, human activities have caused the delivery of enormous quantities of sediment
to the bays and the slackening of tidal currents in sloughs, thereby contributing
to the creation of nearly 75 km2 of marsh, about half of which remains pristine.
Plains situated near high-tide levels are the most extensive landforms of both his-
toric and modern marshes. Tides rather than upland tributaries created most
sloughs around the bays, but riverine floods erected natural levees that confined
tidal water in the Delta. Tidal marshes around San Francisco Bay typically con-
tain 13 or 14 species of vascular plants characteristic of salt marshes and are
dominated by common picldeweed (Salicornia pacifica) and California cordgrass
(Spartinafoliosa). In the Delta, tidal marshes support about 40 species characteris-
tic of fresh-water marshes and are dominated by tules and bulrushes (Scirpus
spp.), cat-tails (Typha spp.), and common reed (Phragmites communis). These
contrasting communities overlap around San Pablo Bay, Carquinez Strait, and
Suisun Bay. to tules and bulrushes during the drought of 1976-1977

of salt causes these
The d~appearance of Cahforma cordgrass and common p~ckle-

weed toward the Delta, alternatively, may result from unsuccessful competition
tnles, bulrushes, and other species. If export equals one quarter of net

productivity, then vascular plants of the tidal marshes collectively
contribute about 10 billion grams of carbon per year to other parts of the estuary.

’ those of the Califoxnia Share Lands Commission (CSLC) or
State.
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’~’hough initially regarded as wastelands, tidal marshes of the San Francisco Bay estuary have
gained considerable human significance during the past 125 years. The monetary value of these
marshes derives chiefly from their historical conversion to farmlands, salt ponds, and sites for com-
merce, industry, recreation, and residence. Areas of former marshland in the Sacramento-San
Joaquin Delta, for example, currently yield about $300 million in crops, including one quarter of
America’s domestic asparagus (Delta Advisory Planning Commission 1976:77, 80). From im-
pounded marshes around San Francisco and San Pablo bays, the Leslie Salt Company annually
harvests approximately 400,000 metric tons of crude salt worth $7 million (M. Armstrong pers.
comm.). Other leveed areas of former tidal marsh attract hunters, particularly north of Snisun Bay,
where the annual duck kill equals about 10% of California’s total (Jones and Stokes Associates
Inc., and EDAW, Inc. 1975:46).

Few people deliberately maintained tidal marshes in their pristine condition until the 1960’s,
when concern about human encroachment on the bays led to the creation of the San Francisco
Bay Conservation and Development Commission (BCDC) (Gilliam 1969). Since 1969, this regula-
tory agency has mandated the preservation of most remaining tidal marshes around San Francisco,
San Pablo, and Suisun bays. According to the Commission’s findings, tidal marshes warrant such
protection because, directly or indirectly, they nourish and shelter many estuarine animals (BCDC
1969: 11). Some people also value pristine tidal marshes as sties for outdoor .education or re.
creation. In response to this interest, local governments have established parks that preserve tidal
marshes for students, bird-watchers, and strollers.

This chapter reflects the current concern for pristine tidal marshes by providing an overview
of their history, landforms, and vegetation. Drawn partly from unpublished observations by the~
authors, the overview also depends on information from published sources, particularly topo-i"
graphic surveys by the U. S. Coast and Geodetic Survey (USC&GS); geologic
Gilbert (1917), Pestrong (1963, 1972), and Atwater et al. (1977); and botanical studies
(1926), Marshall (1948), Hinde (1954), Mason (1957), Cameron (1972), Mahall and Park i
b, c) and Conard et al. (1977). Much additional information remains to be gathered and
lated, so we expect that others will improve many of the ideas put forth in this synthesis.

HISTORY

The discovery of gold at Sutter’s mill in 1848 initiated human activities that have
vast changes in tidal marshes of the San Francisco Bay estuary. Before the Gold Rush,
terfered with few of the natural processes that create, maintain, or destroy tidal marshes.
Gold Rush, however, people have leveed or t’flied most pre-existing marshes, accidentally
the erosion of others, and created some new marshes by both accident and design.

Events Before the California Gold Rush

Rates of submergence (rise in sea level relative to the land) and sedimentation
trolled the areal extent of tidal marshes in the San Francisco Bay estuary between the
the estuary and the arrival of the Forty-Niners about 10,000 years later. Known
posits older than 8,000 years form lenses no more than a few meters thick and
that accumulated in open-water bay environments. This distribution implies that 8,000 to
years ago a discontinuous fringe of tidal marsh retreated ,from a rising, spreadin~
because sediments accumulated in tidal marshes less rapidly than the level of the Bay

By about 6,000 years ago, the rate of submergence had slowed by nearly 10-fold to
quent average of 1-2 m per millenium (Atwater 1979, Fig. 5), thereby
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~interbalance submergence in some parts of the estuary. In the western Delta, peat as thick as 20
dicates that vertical accretion in marshes has kept pace with submergence during the past

i~0-6,000 years (Weir 1950; Schlemon and Begg 1973). A balance between sedimentation and
ergence likewise accounts for thick accumulations of tidal-marsh deposits in Massachusetts
ge 1858; Davis 1910; Redfield 1972).
The establishment of extensive tidal marshes around southern San Francisco Bay appears

i ehoccurred later than in the Delta, probably close to 4,000 years after the rate of submergenceed 1-2 m per rnitlenium (Atwater et al. 1977). This delay is evidenced by deposits of tidal-fiat
mud that typically underlie peaty tidal-marsh sediments at elevations close to modern mean tide

t l.3(MTL (Table 1). The boundary between tidal-fiat and tidal-marsh sediment records thenization of mudflats by marsh plants, so it marks the inception of a marsh (Shaler 1886:
65). The date at wb.ieh MTL equalled the elevation of this boundary approximates the

minimal ages of the marsh because California eordgrass (Spartina foliosa), the pioneer vascular

tt of San Francisco Bay’s mudflats, colonizes surfaces MTL 1972; Hinde(Pestrong 1954).near
roximately equating MTL with mean sea level, estimating former mean sea levels from radio-

carbon-dated marsh deposits elsewhere in southern San Francisco Bay (Atwater 1979, Fig. 5), and
e~l[ecting elevations for local subsidence due to withdrawal of groundwater (Poland 1971), we
i~ that marshes such as Palo Alto Baylands originated within the past 2,000 years. The 4,000-yr
lag--between the inception of a slow rate of submergence and the creation of SUCh marshes prob-

represents the time required for sedimentation to make up for the effects of earlier, more
submergence.

TABLE 1. DATUMS FOR TIDE LEVELS AND HEIGHTS.a

!̄ Datum Abbreviation Definition

Mean higher high water MHHW Average height of the higher of the daily high tides

water MHW Average height of all high tides
MTL Plane halfway between mean high water and mean

low water, also called half-tide level
water MLW Average height of all low tides

water MLLW Average height of the lower of the daily low tides.
Adopted as plane of reference for hydrographic
surveys and nautical charts of the west coast of
the United States

level MSL Average height of the water surface for all stages of
i~ the tide, determined from hourly readings

NGVD The standard datum for heights across the nation.
Formerly called the "U.S. Coast.and Geodetic

.929 Survey sea-level datum of 1929," and originally
~ determined from mean sea levels at 26 tide sta-

tions in the United States and Canada. General-
ly differs from local mean sea level (Fig. I), so
it is best regarded as an arbitrary datum that
happens to be close to mean sea level.

datums are ideally determ~ed from 19 years of measurement, but shorter series of observations
a long-term record to determine mean values.
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l~-=n¢l~o Bay e~tuary and its watershed,
rater depth are adapted from comparisons of archival hydrographic maps as performed by Gilbert

1965). Few Of the average apparent changes in bathymetry can be attributed with confidence to net erosion or
Bay floor because of possible errors introduced by methods of bathymetric comparison. The average decrease in bathy-

merry for all of San Pablo Bay during the late 19th century, however, seems too large to ascribe to such errors, particularly because some
areas of this bay appear to have shoaled by 1.5-2.5 m (Gilbert 1917:35).

TIDAL MARSHES. Initial size of tidal marshes follows Gilbert (1917:78) and Nichols and Wright (1971). Approximate areas at later
dates are compiled and modified from textual and cartographic information of Gilbert (1917:86-88); Matthew and Blackie (1931:96-98);
Matthew et al. (1931:158); Cosby (1941: 16); Van ROyen and Siegel (1959); Atwater and Hedel (1976); Kingsley et al. (1977:3); archival
topographic maps of the USC&GS examined during preparation of Figs. 3, 6; and planning maps of the BCDC (1969). Precision is greatest
for changes at the Delta and San Francisco Bay, least for Suisun Bay.

MEAN SEA LEVEL. Dots show yearly mean of the surface elevation of San Francisco Bay at Fort Point (1857-1877), Sausalito (1877-
1896), and the Presidio (1897-1974). The compilation was prepared by the NOS for the CSLC. NGVD denotes National Geodetic Vertical
Datum (Table 1).

LOW WATER. This statistic denotes the lowest reported level of the Sacramento River at Sacramento as compiled by Gilbert (1917:
29-30) and the U. S. Weather Bureau (1914-1971). Lowest levels occur during the low-flow summer or autumn months. The broad peak
centered between 1890 and 1900 refiects changes in the level of the river bed. These changes presumably indicate deposition and subsequent
erosion of hydraulic-mining debris, which prOgressed downriver like a wave (Gilbert 1917:29-31). Some smaller changes may refiect varia-
tion in the discharge of water, and others may be artifacts of infrequent (once daily) measurement.

SNOWFALL. The curve, from Curry (1969:28) shows smoothed yearly records of snowfall at Donner Pass. Dates of major floods on the
Sacramento River (triangles) follow Thompson (1958:446-467).

MINING DEBRIS. This graph, from Gilbert (1917:36), sketches the relative output of sediment from hydraulic gold mines of the western
Sierra Nevada and from Sierran streams that carried debris from these mines.

POPULATION. Graph shows decennial changes in counties surrounding the San Francisco Bay estuary, as reported by the U.S. Census
Office ( 1901: 11) and by the County Supervisors Association Of California ( 1975: 22).
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Fig. 2. San Francisco Bay estuary and the Sacramento-San Joaquin River Delta. Lc
newly created marshes follow Kingsley and Boerger (1976), Knutson et al. (1976), a
et al. (1977:85). Thin lines approximate shorelines or margins of tidal marsh ca. 1860 a.~
compilations by Gilbert (1917:76) and Nichols and Wright (1971).

Events since the California Gold Rush

Early surveys by Rirtggold (1852) and the USC&GS portray the San Francisco ;
as it appeared during the California Gold Rush. Collectively, the tidal marshes and ope~
covered about 3400 km~ , an area slightly larger than Rhode Island. The area of tida"
nearly double the area of the bays, with the Delta marshes making up about 1400 1~
marshes bordering San Francisco, San Pablo, and Suisun bays accounting for anoth
(Gilbert 1917:78).

Approximately 95% of the estuary’s tidal marshes have been leveed or f’filed si
Rush (Figs. 1, 3). The typical age of levees varies with location and appears to de
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I

0 5 I0 15 20 KM

APPROXIMATE
(}ATE OF CREATION

OF MARSH
Mostly pristine since

[~{$60-1970 [] After 1860

3. Generalized and approximate historic changes in aerial distribution of tidal marshes.
scale requires that patterned areas exceed about 0.5 km in width and about 0.5 km2

Dates for levees and fill follow Van Royen and Siegel (1959) for San Francisco Bay.
San Pablo and Suisun Bays, dates are estimated by inspection of archival maps of the
(scale generally 1:10,000) and the USGS (scale 1:31,680; Suisun Bay only); Van Royen

incompletely discriminate for these bays between marshes enclosed by levees and
iect to natural inundation by tides. Changes in the Delta follow Matthew et al. (1931,

of modern tidal marsh are compiled from topographic maps of all areas by the USGS
d 1973 editions, scale 1:24,000), from a landuse map of San Francisco, San Pablo, and

by the BCDC (1969; approximate scale 1:250,000), and from maps by the California
of Fish and Game (CDF&G) showing dominant vascular plants north of Suisun Bay as
A. George, unpublished map). Some modern marshes have undoubtedly been omitted

marshland for agriculture. Fresh-water marshes characterized the pristine Delta, and
were leveed for farming before 1920. Marshes nearer the Golden Gate, on the other
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LOCAL DATUM
(1896-1898)$eCONOS

N

-~ LOCAL DATUM
(1852-1857)

.~NORTH AMERICAN 1927 DATUM(1931-present)

4~U. S. STANDARD DATUM(1902-1930)

Fig. 4. Horizontal datums for maps of southern San Francisco Bay. The circled crosse~
intersecting lines of the geographic projection for latitude and longitude. For example, th
section of a latitude and longitude according to. the local datum of 1896-1898 is located 1
and I 17 m E of the intersection of the same latitude and longitude according to the North
can 1927 Datum. Such relationships provide precise geodetic means for comparing feature,~
on archival and modern maps (Fig. 5). The local datums are reconciled to each other an(
nationwide datums by comparing the published positions, as referenced to the various ho
datums, of persistent triangulation stations. These positions appear in: (1) annual report
superintendent of the USC&GS, 1851-1868, 1904, and 1910; (2) "Old Registers" maint;
the Early Drawing Division., U. S. Coast Survey, 1850-1927; and (3) a special publicatio
angulation in California (Mitchell 1936). Early geodesists in California, led by George £
established local datums astronomically and projected them according to a mathematical
the shape of the earth called the Bessel Spheroid of 1841. These datums yielded to othe:
suit of several advances in geodesy: (i) a more accurate determination of longitude in t~
(2) the application of the Clarke Spheroid of 1866;(3) the completion of the transcontfl
angulation network in the late 1880’s, which led to the adoption of the U. S. Standard
1902; and (4) readjustment of the network during the early 1920’s, which resulted in :
American 1927 Datum (Shalowitz 1964:112-114, 141-158).

hand, contained more salt in their soils and sloughs. This salt presumably limited the a
value of the marshland and therefore delayed the construction of levees until other h
were found. For example, whereas agricultural levees in 1900 enclosed about half of t
marshes of the Delta and Suisun Bay, less than one fifth of the Bay’s marshes had bee~
that time, and these mostly for production of salt. Tidal marshes around the Bay rema~
pristine until later in the 20th century when, coincident with a rapid increase in the po
suburban areas, most of the marshes were converted to salt-evaporatio.n ponds or to s~
dential and industrial structures, transportation facilities, and garbage dumps.

Changes in mapped shorelines (Figs. 3, 5, 6) indicate that approximately 75 km=
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marsh have appeared around San Francisco, San Pablo, and Suisun bays since the Gold Rush. It
seems likely that humans accidentally created much of this marshland by supplying sediment to
the bays and by building levees and jetties that promoted deposition.

The widespread and rapid expansion of marshland during the late 19th century (Fig. 6)
probably resulted in large measure from contemporaneous hydraulic mining in the Sierra Nevada.
Between 1853 and 1884, gold miners washed prodigious quantities of sediment into Sierran
streams. Further downstream, this debris caused damage to farmlands and waterways and thereby
led to court injunctions that effectively halted hydraulic mining (Gilbert 1917:11; Briscoe 1979).
Much debris travelled even further and entered the San Francisco Bay estuary, as evidenced by the
wave of river-bottom sediment, presumably sand and gravel, that crested near the northern end of
the Delta between 1890 and 1900 (Fig. 1, "minimum low water"). Clay and f’me silt from the
hydraulic mines should have reached the estuary sooner because they move in suspension, and
deposition of this t’me sediment apparently caused both shoaling of subtidal areas in San Pablo and
Suisun bays and rapid horizontal expansion of marshlands into mudflats of northern Suisun Bay,
western San Pablo Bay, and southern San Francisco Bay during the late 19th century (Gilbert
1917:36, 86-88; Figs. 1, 6). The delivery of mining debris to the margins of southern San Francis-
co Bay may be doubted because few subtidal areas of this bay shoaled greatly during the late 19th
century (Fig. 6; Krone 1979) and because Ferdinand Westdahl, the topographer who mapped
much of the expanded marshland, designated commercial oyster shells and Oakland’s growing port
as the causes of tidal-marsh accretion (Westdahl 1897). Nevertheless, large quantities of silt-and
day-size mining debris certainly reached San Pablo Bay; some of this sediment undoubtedly
entered the layer of low-salinity water that, according to McCulloch et al. (1970) and Carlson and
lqlcCulloch (1974), spreads across southern San Francisco Bay during periods of high discharge
from the Sacramento River; and, once delivered to southern San Francisco Bay, mining debris
might have preferentially accumulated on marginal tidal fiats as clay and silt appear to be doing
today (Conomos and Peterson 1977).

Tidal marshes have probably received additional sediment from farmlands (Gilbert 1917:36),
~banized uplands (Knott 1973), and dredged channels and harbors. Moreover, many future
marshes may rest entirely on dredged material if, as currently planned, public agencies mitigate the
disposal of dredged material by intentionally creating tidal marshes on spoils. Beginning with the

of H. T. Harvey during the 1960’s, both independent parties and members of the U.S.
Corps of Engineers have demonstrated that people can establish such marshes by planting
seedlings, and cuttings of California cordgrass in previously barren areas (Knutson et al.

’6;Kingsley and Boerger 1976; Fig. 2).
Levees and jetties have also contributed to the creation of marshlands, particularly during

20th century. Construction of levees around tidal marshes almost invariably preceded and pro-
caused the historic appearance of new marshes along the banks of sloughs that formerly
the marshes (K. Dedrick pets. comm.). Presumably, sediment accumulated because the

~ prevented exchange of water with the former tidal marshes and thereby slackened currents
~loughs (Gilbert 1917:102-103). Levees may have also promoted expansion of marshland in-

the area in which sediment could accumulate. According to Robert Nadey
this effect may account for part of the spectacular growth of marshes into western

Bay during the period of hydraulic mining. Extension of a jetty south of Mare Island
century coincides with shoaling of nearby tidal fiats (Smith 1965) and expansion

rnarshland. The jetty probably caused these changes because, dutirtg the late 19th cen-
eroded rather than advanced, even though other parts of San Pablo Bay were trap-

of hydraulic-rnining debris (Figs. 6, 7).
changes in mapped shorelines indicate erosion rather than deposition at the bayward
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margins of tidal marshes (Fig. 6). As inferred by Gilbert (1917:21-22), such retreat may result in
part from a rise in sea level relative to the land. Other contributing factors include burrowing by an
introduced isopod (Carlton 1979).

Available inventories of the areal size of tidal marshes ~t a given date employ different means
of distinguishing "tidal" from "leveed" and rarely discriminate between marshes formed before
and after 1850. These problems, together with the infrequency of such inventories, currently pre-
clude a detailed summary of historic changes in tidal-marsh areas. Even the generalized graphs and
maps (Figs. 1, 3) imply unwarranted precision, as the reader can determine by consulting the cited
sources. Despite such deficiencies, our .estimates justify several conclusions about the effects of
levees and fill on the San Francisco Bay estuary: (1) The present area of tidal marsh within the
entire estuary is about 125 km2, one third of which has originated since 1850. Both Van Royen
and Siegel (1959) and Nichols and Wright (1971) offer a much higher figure for the total area of
rnarshland because their tallies include many non-tidal leveed marshes. (2) Even excluding the Del-
ta, leveed or filled tidal marshes cover far more area than the 140 km2 of open-water baylands that
have been leveed, Idled, or converted to tidal marsh since the Gold Rush (Nichols and Wright
1971). Thus, tidal marshes rather than open-water bays have provided most .of the leveed and f’tlled
areas of the San Francisco Bay estuary.

LANDFORMS

Natural topographic features of the tidal marshes of the San Francisco Bay estuary include
broad, nearly fiat surfaces; narrower surfaces that descend into tidal fiats, some precipitously;
beach~dges and related berms; tidal sloughs; riverine channels and their natural levees; shallow
ponds and pans; and islands of pre-existing bedrock and sand dunes. The following discussion em-
phasizes the principal kinds of marshlands and waterways.

Plains near High-Tide L~vels

i~’~ Around the turn of the century, the "typical tidal marsh" of the San Francisco Bay estuary

~ Fig. 5. Historic changes in tidal marshes near Dumbarton Point, southern San Francisco Bay.
archival maps copy lines and names from l:10,000-scale plane-table sheets of the USC&GS:

surveyed in 1857 by David Kerr;¯ T-2258, surveyed in 1896 by Fremont Morse and Ferdi-
Westdahl (low-water line from contemporary hydrographic surveys H-2304 and H-2413);

surveyed in 1931 by H. G. Conerly (low-water line from contemporaneous hydro-
survey H-5135). The modern map is traced from a l:24,000-scale photogrammetric map
7.5-rain quadrangle). Additional symbols show old shorelines and inferred areas of ere-
deposition. Registration of archival maps to the North American 1927 Datura (Fig. 4)

the comparisons of charted shorelines. Though subject to uncertainties related to method
of surveying, shorelines approximate the bayward limit of vegetation (Gilbert 1917:86;
1964:177). The density and distribution of sloughs reflects methods of mapping and

to human structures. Morse and Westdahl apparently traced Kerr’s lines for most
century sloughs (R. Nadey pets. comm.); according to Westdah1’s (1896) descrip-

nearby survey "on the salt marshes only the sloughs used for navigation, the shore-line,
tbetween the old and new bayshore, and improvements, such as dykes, houses, and salt-

been sur~.eyed." Conerly apparently neglected all but the largest sloughs. Differences
sloughs and those mapped by Kerr imply that the railroad and salt ponds have

pattern of drainage.
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A. LATE NINETEENTH CENTURY t, LATEST NINETEENTH AND EARLY TWENTIETH
CENTURIES

Fig. 6. Historic changes in tidal-marsh shorelines and subtidal bathymetry (A) during
19th century and (B) during the latest 19th century and early 20th centuries.

SHORELINES. Changes in shoreline area measured by comparing archival topographic
that were prepared by the USC&GS. Comparisons make use of 1:24,000-scale photographic
tions of the CSLC. Most maps are registered to one another by matching persistent features s.
hills, rocky shorelines, intricately meandering sloughs, railroad tracks, and occasional triangt
stations. Precise geodetic registration (Figs. 4, 5) is limited to the southern and eastern sh,
San Francisco Bay. Elsewhere the uncertainties in registration, together with errors in
possible distortion of original map paper, and possible differences in notation for tidal
shorelines (Gilbert 1917: 86), prevent resolution of changes that average less than 1 m;yr
to 40-yr intervals.

BATHYMETRY. Changes in bathymetry for subtidal areas excluding sloughs are adapt~
Smith’s (I 965) comparison of archival hydrographic maps. Smith compared average depth:
1/8-min quadrangles and reported the sum of changes for l-rain quadrangles. The distrib’
areas showing large changes in bathymetry must be interpreted with reference to index r
cause the magnitude of change depends partly on the length of the period of record. Dat’
dex maps omit numerals for century and millennium.

resembled "a plain traversed by a branching system of sloughs" (Gilbert 1917:75).
sloughs, the relief on such "plains" must have been slight because topographers such as
Westdahl (1897) used "the level of the salt-marsh in its natural state" as a datum plane
elevations.

Nearly flat surfaces appear to remain the most extensive landforms of the tidal mars]
San Francisco Bay estuary (Fig. 7; Bodnar et al. 1975: Figs. 32, 33; Hinde 1954). Th
characterize marshland formed both before and after 1850, and they cross historic
without appreciable change in level or relief (China Camp and Mare Island marshes, Fig.
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Within uncertainties of measurement1, most of the broad surfaces (Fig. 7) are probably situ-
ated within a few decimeters of MHHW. This coincidence implies a widespread tendency of tidal-
marsh surfaces to approach high-tide levels. Presumably, such heights equilibrate deposition, ero-
sion, and subsidence (Pestrong 1972).

Differences in elevation between some tidal-marsh plains, however, exceed probable errors in
measurement. The flat surface of the marsh at’Richardson Bay appears to be situated about 0.2 m
below MHHW (Fig. 7), and broad parts of several tidal marshes also occupy elevations below MHHW
along the western shore of southern San Francisco Bay northwest of Palo Alto Baylands (K. De-
drick, pers. comm.). Typical elevations near Point Pinole, on the other hand, approximately equal
MHHW according to third-order leveling (Bodnar et al. 1975: Figs 32, 33), and less precise measure-
ments at the nearby China Camp marsh (Fig. 7) suggest similar elevations. Furthermore, marshland
near Mare Island appears to rise 0.2-0.5 m above MHHW (Fig. 7). Both here and at Palo Alto Bay-
lands, however, probable but unmeasured subsidence of the bench mark at the origin of the transect
(Table 2, footnotes 3, 5) may erroneously heighten the measured elevations.

These geographic variations in the elevation of marshlands with respect to tidal datums imply
that local conditions influence topography. The entrapment of suspended sediment in San Pablo
and Suisun bays (Conomos and Peterson 1977), for example, may partly explain why post-1850
marshes at Richardson Bay have reached lower levels than contemporaneous marshes at China
Camp. Anomalously high elevations near Mare Island may retlect not only such entrapment but also
southerly high winds, which potentially pile water above normal high-tide levels, and the nearby
jetty, which has promoted intertidal deposition (see above discussion of levees and jetties). Finally,
subsidence due to withdrawal of groundwater (Poland 1971) dropped the tidal marsh at Palo Alto
Baylands to a lower levi between 1954 and 1965, as evidenced by the spread of cordgrass into areas
whose former elevation may have excluded this plant (Harvey 1966). Most of this marsh is neverthe-
less situated at or near MHHW (Fig. 7), so it seems likely that sedimentation has, on the average,
largely maintained the level of the marsh against subsidence, which amounts to nearly 1 m since
1931 (Table 2, footnote 3).

~u Uncertainties and geographic variation in the elevations of modern tidal-marsh plains com-
i :lmund the problems of defining, relative to tidal datums, the "level of salt-marsh in its natural state"
.~ of the 19th century. One possible solution presumes similarity between the elevations of modern

marshes and therefore must allow for differences between localities. Additional compli-
arise if marshiands have reached unnaturally high levels because of human activities such as

gold-mining, disposal of dredge spoils, and construction of levees and jetties. A remark by
(1917:77) indirectly supports this hypothesis by equating areas vegetated by rules (Scirpus

and California cordgrass with the "broader parts" of marshes. Currently, these plants mostly
{ along narrow surfaces that descend into mudflats or sloughs (Fig. 7), so it seems possible that

remaining pristine marshlands have risen to extraordinary heights during this century, per-
trapping hydraulic-mining debris and dredge spoils. Alternatively, Gilbert erred, perhaps by

to all marshiands the characteristics of those that spread across mudflats during the late
(Figs. 5, 6) and initially supported California cordgrass and rules rather than common

the elevations of modem surfaces tepo~ted in Fig. 7 may err by 0.1 m or more
changes in the published elevations of bench marks and tidal datum planes (Table 2), ex-

~olation of datums from distant tide stations, and imprecise methods of leveling. The leveling
meet several of the National Ocean Su~vey’s (NOS) standards for third-order work (NOS 1974):

of sights-some sights exceed the 90-m standard by 10-90 m; (2) difference in length of for-
sights-the 10-m standard is met for turning points, but most elevations along transects repre-

forceard and backward sights between turning points; and (3) minimum error in closure-complete
attempted at marshes shown in Fig. 7, and partial closure at China Camp and Palo Alto Bay~ands

errors of about 5 cm, roughly three times as large as the standard.
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TABLE 2. REFERENCE STATIONS FOR ELEVATIONS AND TIDAL DATUMS SHOWN IN FIG. 7

MARSH           BENCH MARKa                        TIDAL DATUMS
Location of gauge      Elevations at gauge (m)b

Designation Elevation Year of Distance
(m) levering Place name from marsh MLLW MTL MHHW

Pale Alto Tidal 1.09c 1965 Pale Alto 1 -1.3 0.2 1.4
Baylands No. 1 Yacht Harbor

Richardson R481 2.60d 1955 San Francisco 10 -0.8 0.1 0.9
Bay (Presidio)

China Camp D552 12.56d 1956 Pinole Point 11 -0.9 0.2 1.0

Mare Island N466 1.210 1956 Hercules 11 -0.8 0.2 1.0

Southampton C467 4.94d 1951 Crockett 4 -0.8 0.2 1.0
Bay

a From "Vertical Control Data" compiled by the National Geodetic Survey. Datum is NGVD.

b
~1 Compiled by the National Ocean Survey (1977a, 1977b) and referenced to leveling completed in 1956 or, for
~alo Alto, 1967. Datum is NGVD. See Table 1 for definition of reference planes.       "
J c      Repeated leveling by the U. S. Coast and Geodetic Survey indicates that the elevation of Tidal No. 1 de-            :"

creased 0.76 m between 1931 and 1965, chiefly because of regional subsidence accompanying ground-water with-
I~llrawal (Poland: 1971). Hinde (1954: 217) apparently used the initial elevation of the benchmark, and his mea-

~ured elevations may therefore be too high by 0.5 m, the cha1!ge in elevation of Tidal No. 1 between 1931 and
~1955. Changes in elevation since the 1965 levering are ignored here because they are probably 0.2 m or less; arti-

fiehal recharge of ground water halted subsidence near Pale Alto by 1971 (Poland: 1971).
di~1 Leveled only once by the U. S. Coast and Geodetic Survey. Changes in elevation since year of leveling pre-

~amabty do not exceed 0.05 m because monument rests on bedrock (D552, C467) or on a concrete pier support-
Jga 10-lane bridge (R481).

e According to repeated leveling by the U. S. Coast and Geodetic Survey, bench mark N466 subsided 0.04 m

1951 and 1956. No correction for unmeasured, subsequent movement is attempted here, but at least 0.10
subsidence seems likely because the road embankment beneath the monument overlies compressible

because fill has been added to the embankment or adjacent road since 1956.

Fig. 7. Generalized landforms, vegetation, and subsurface sediments of some salt- and brack-
marshes. (Vertical exaggeration 50X). Dots on profiles denote places where elevation
in 1975 or 1976. Elevations were transferred with a rod and tripod-mounted level

,the nearest geodetic or tidal bench mark (Table 2). No correction is made for probable but
subsidence of bench marks near Pale Alto Baylands and Mare Island. Methods of

meet only some of the standards for third-order leveling (see footnote 1 in text). Tidal
are extrapolated from the nearest long-term tide gauge for which the relationship between
and NGVD has been determined (Table 2). Collectively, these procedures may cause inca-

to err by 0.! m or more with respect to tidal datums. Elevations away from dots are
by extrapolation, chiefly with reference to vegetation. Small channels are generally

water surface is at MTL. Gray bands approximate the horizontal position of the
1 limit of vascular plants at the indicated date, as interpreted from archival maps (Figs. 5, 6).

of vascular plants on the surface shows approximate conditions in 1975 (Fig. 10).
A li~ts native species at all localities except Mare Island. Fossil rhizomes (below-ground
roots are tentatively identified by macroscopic examination of core samples:~ Most of ihe

roots or rhizomes in growth position. The Mare Island diagrams join at center.
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,~lSicldeweed (Salicornia pacifica) and salt grass (Distichlis spicata) (see description by Westda

1896).
Sloping Surfaces Bordering Mudflats

Marshes unquestionably vary in the slope of surfaces that descend into tidal mudflats. N,
China Camp and at Southampton Bay, marshland dips gently into adjacent mudflats (Fig. 7).
Palo Alto Baylands and Richardson Bay, on the other hand, most of the bayward edge of

marsh drops precipitously.
Gently sloping margins imply net .deposition and precipitous margins imply tier erosi

Several lines of evidence support these inferences: (1) gently sloping margins correspond
shorelines that typically migrated toward the Bay during the late 19th and early 20th centre
and precipitous margins characterize shorelines that generally retreated during this period of t
(Fig. 6); and (2) precipitous slopes locally correlate with ongoing erosion, as indicated aro
parts of southern San Francisco Bay by blocks of tidal-marsh mud that slump from vertica

overhanging scarps onto the adjacent mudflat.
Low beach ridges historically bordered some tidal marshes of the San Francisco Bay

ary (Gilbert 1917:86), and a few ridges remain today. Beach ridges apparently impom
marshlands near San Lorenzo and thereby created natural salt ponds (Fig. 8). By analogy
sandy barriers that fringe marshes of Delaware Bay (Kraft et al. 1976:98-104), these ridges
have contained sand that had been derived from eroding headlands, particularly the ancient,
sands near Oakland (Atwater et al. 1977). Other beach ridges of the San Francisco Bay
are made of shell (Westdahl 1897). A possibly related feature of unknown origin is the
berm of mud that currently appears to rise above MHHW at the bayward margin of a marsh
Mare Island (Fig. 7). A similar berm probably forced sloughs near this locality to drain away

San Pablo Bay in 1856 (Fig. 8).
Waterways

Patterns of tidal-marsh drainage around San Francisco, San Pablo, and Suisun bays dc

partly on the age of surrounding marshland. Whereas prominent meanders characterize the sl
of marshes created before 1850, the sloughs of younger marshes follow relatively straight
that trend nearly perpendicular to the bayward edge of the marsh. Such direct paths cross rn
marshlands (Fig. 7, China Camp) as well as their 19th-century ancestors (Fig. 5; Westdahl
and therefore appear to have gained little sinuousity since formation. The contrast be
straight and meandering sloughs may reflect differences in the rate of formation of marshlan,
seems likely from enormous changes in historic shorelines (Fig. 6), marshes drained by
channels initially spread and rose at an extraordinarily rapid pace during the late 19th

Tidal water rather than the discharge of upland creeks controls the dimensions o
sloughs around the bays. Pestrong (1965:32-33) and Gilbert (1917:102-103~ implicitly ad~.
such control, Pestrong by adopting Chapman’s (1960:30) conclusion that sloughs grow bec
the flow of tidal water to and from an upward-building marsh, and Gilbert by proposing tha
tion of this flow, owing to impoundment of marshland behind levees, caused shoaling of
near Mare Island. Moreover, although the widths of waterways commonly increase with di

(Myrick and Leopold 1963), the widths .of historic tidal sloughs north of San Pablo Bay gr~
pered toward upland creeks (Nichols and Wright 1971), so it seems likely that the widths’
sloughs depended mainly on the areas of their tidal-marsh drainage basins. Such drainag’
must also account for the considerable widths of sloughs near Guadalupe Slough and Ma~

(Fig. 8) that drained no major upland creeks.
Pdverine floods, on the other hand, probably restricted the reach of tides in the
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Delta by creating natural levees along the channels of rivers and distributaries. Near Babel Slough,
the Sacramento River built natural levees about 1 km wide and up to 5 m high (Fig. 9). Such
levees diminished in height toward Suisun Bay but extended as far downstream as the confluence
of the Sacramento and San Joaquin Rivers (Thompson 1~958:26; Ringgold 1852). At autumnal low
stages of the rivers, high tides probably could not surmount many of the levees in the northern
Delta, so perhaps only riverine floods inundated low-lying marshes that were enclosed by naturally
leveed channels. Thus, some areas designated as historical tidal marsh in Figs. 1-3 may have actu-
ally been isolated from autumnal tides.

Natural levees in the southern Delta generally reached much lower elevations, as evidenced
by archival records (Thompson 1958:37), by tidal sloughs that transect levees of the San Joaquin
River (Fig. 9), and by peaty soils along the San Joaquin River that contrast with the bands of inor-
ganic soil bordering waterways of the northern Delta (Cosby 1941). Consequently, it seems pro-
bable that the southern part of the pristine Delta was flooded and drained more nearly like tidal
marshes of the bays than like the naturally leveed marshes near the Sacramento River.

VEGETATION

Vascular plants~ visually dominate the vegetation of tidal marshes and distinguish the mar-
shes from mudflats. Our discussion of these plants considers their distribution with respect to geo-
graphic location, elevation, and other environmental variables. In addition, we attempt to estimate

p
the quantity of organic material that vascular plants of tidal marshes export to the rest of the
estuary.

Distribution of Species

Geographic and vertical trends. About 125 species of vascular plants have been reported
from tidal marshes of the San Francisco Bay estuary. Most of these species are native to California
(Appendix A), but some have been introduced from other parts of the world (Table 3).

Diversity generally increases from San Francisco Bay to the Delta. Whereas individual
marshes around San Francisco Bay typically contain 13 or 14 species of native plants, specific
Ittes in the Delta contain about 40 species. Composite regional lists imply even greater differences
tn diversity: only 15 native species reportedly live in tidal marshes around San Francisco Bay,
lint about 30 reportedly live around San Pablo Bay and Carquinez Strait, 40 around Suisun Bay,

itud 80 in the Delta.
San Francisco Bay and the Delta differ in kinds as well as numbers of tidal-marsh plants.

of San Francisco Bay’s marshes belong to the group of plants that characterize
salt marshes (Macdonald 1977). Few species from San Francisco Bay, however, have

been reported from tidal marshes of the Delta. Rather, the Delta’s marshes are dominated by
plants that typically inhabit low-altitude fresh-water marshes in California (Mason 1957).
Common picldeweed (Salicornia pacifica) and California cordgrass (Spartina foliosa) domi-

tidal-marsh vegetation around San Francisco Bay. Common picldeweed generally mono-
plains at elevations near and above MHHW (Hinde 1954:218). Excepting salt-

(Otseuta salina, a parasite on common pieldeweed), additional species on tidal-
typically grow in scattered patches next to sloughs, natural uplands, and man-made

These plants include salt grass (Distichlis spicata), marsh Grindelia (Grindelia humilis),
saltbush (Atn’plex patula ssp. hastata), alkali heath (Frankenia grandifolia), and

plants (Phylum ~aeheophyta) contain veinlike channels that convey metabolic materials
~oots, stems, and leaves. Other kinds of ~dal-maxsh plants, such as diatoms, axe not described in this
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Fig. 8. Marshes of San Francisco and San Pablo bays as mapped before significant hu
disturbance. Locations on Fig. 2.

SOURCES OF INFORMATION. Channels and ponds are traced from unpublished 1:62,
scale compilations, by D. R. Nichols and N. A. Wright, of l:10,000-scale topographic maps
pared shortly after the California Gold Rush by A. F. Rodgers and David Kerr of the U. S.
Survey. Topographic contours, shown near Palo Alto Baylands only, are generalized from a
dern 1:24,000-scale topographic map.

INTERPRETATIONS. Sloughs near Palo Alto Baylands, surveyed in 1857, show relatio
tidal-marsh channels to active and abandoned mouths of an ephemeral fresh-water stream,
Francisquito Creek. The active mouth of this stream joins an average-size slough. The aband,
mouth lacks a comparable connection with San Francisco Bay, and a finger of marsh oceup
vestige of the old stream channel. Natural levees of both the active and abandoned courses of
Francisquito Creek, built by the stream when it overtopped its banks (Westdahl 1897; Gerow
Force 1968:24-27), cause the topographic contours to point downstream, as on a ridge, rz
than upstream, as in a valley.

Guadalupe Slough followed a shortcut to San Francisco Bay when Rodgers and Kerr surv
its course in i857. At some earlier time, marsh_land presumably intervened between the st~
meander and the bay (K. Lajoie pers. comm.). Erosion along the edge of the Bay probabl
moved this marsh. Similar erosion took place in this area during the late 19th century despit,
predominance of deposition aIong most other shorelines (Fig. 6).

Ridges at the bayward margins of marshland may have caused water to collect in large p
near San Lorenzo and to drain away from San Pablo Bay near Mare Island. Ponds near San Lc
zo appear on maps as old as F. W. Beechey’s chart of San Francisco Bay, surveyed in 1827-i
(Harlow 1850:64). When Kerr mapped them in detail 30 years later, he labelled the largest, "
tal salt pond." Predictably, commercial production of salt from San Francisco Bay began in
area (Vet Planck 1958:107). The berm along the bayward edge of a modern marsh near
land (see Fig. 7) probably resembles the landform that caused the sloughs to drain north"
when A. F. Rodgers surveyed them in 1856. A possible ancestor of the discontinuous trout
the southern edge of the modem marsh supplied Rodgers with a name, "Long Pond", for th,
angulation station at left.
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Fig. 9. Marshes of the Sacramento-San Joaquin Delta as mapped before significant humax
disturbance. Locations on Fig. 2.

SOURCES OF INFORMATION. The USC&GS prepared no detailed maps of pristine marshe~
in the Delta until 1930-1940. Most channels and topographic contours on these diagrams are base~
on 1 : 31,680-scale plane-table sheets surveyed in 1906-1908 by the USGS. Some marshes had beez
leveed (Fig. 3) and some channels modified before these maps were made. Allowing for errors iz
map-making, the courses of river channels match the meanders shown on a 1:250,000-scale mat
by Ringgold (1852). The approximate courses of tributaries to Disappointment Slough are sketch
ed from Cosby’s (1941) l:63,360-seale base map and, where highlighted by tonal differences be
tween soils, from modern aerial photographs. Additional waterways probably existed before cot
struction of dikes, but tall, dense stands of rules (Scirpus spp.) and other plants undoubtedl
prohibited detailed mapping by plane-table methods. Elevations of natural levees along the S~cr:
mento and San Joaquin rivers are consistent with verbal descriptions assembled by Thompso
(1958: 36-37).

INTERPRETATIONS. The Sacramento River created most of the landforms near Babel Sloug
The complex lobes of high ground, the largest of which enclosed Babel Slough, were built by sec
ment-laden flood waters that surged over or through the broad natural levees that flank the Sacr
mento River. In the bird-foot delta of the Mississippi River, such lobes are called crevasse or ov¢
bank splays (Coleman and Gagliano 1964). Paired fingers at the distal ends of the lobes represe
the narrow levees of distributaries. Floods converted the Yolo Basin into a lake or river (Gflb,
1917:14-15) that accommodated so much more water than its parent that, on occasion, the ~
charge from the Yolo Basin transected and hydraulically dammed the Sacramento River near ~
Vista (Thompson 1958:448, 453). The 1.5-m contour locates the approximate northern limit
tidal water in the historic Yolo Basin during ~imes of low Sacramento River discharge. During sl
low river stages, tides in Yolo Basin probably communicated with the rest of the estuary via
basin’s outlet near Rio Vista. The top edge of the map approximates the northern boundary
tidal marsh as mapped, in 1906-1908 and as generalized in Figs. 2, 3. Additional marshes cove
higher parts of the Yolo Basin according to the USGS plane-table sheets.

Disappointment Slough and its tributaries more nearly resemble the typical drainages of t
marshes bordering the bays. Lacking a river at its head, Disappointment Slough was probably
ated and maintained by tidal water that flowed in and out of nearby marshes. Low levees ap
ently forced some adjoining marshes to drain away from the San Joaquin River but, unlike
high borders of the Sacramento River near Babel Slough, these levees allowed tidal water to
verse the banks of the river in such channels as Disappointment Slough and Twenty-one-
Slough.
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TABLE 3. COMMON INTRODUCTIONS IN TIDAL MARSHES
OF THE SAN FRANCISCO BAY ESTUARYoa

FAMILY                                 SPECIES
Linnean name                               Common name

(Monoeotyledons)
GRAMINEAE Bromus diandrus Roth var. gussonei (Parl.) Gussone’s ripgut grass

Grass family Coss & Durieu
B. mollis L. Soft chess
Cortaderia selloana (Schult.) Asch. & Graebn. Pampas grass
Festuca elatior L. Meadow rescue
Hordeum leporinum Link. Hare barley
Polypogon monspeliensis Bucld. Rabbit’s-foot grass
Spartina patens (L.) Greene Salt hay

(Dicotyledons)
CAROPHYLLACEAE Spergularia media (L.) Presl. Sand-spurrey

Chickweed family
CHENOPODIACEAE Atriplex semibaceata R. Br. Australian saltbush

Goosefoot family Chenopodium album L. Lamb’s quarters
COMPOSITAE Cirsium vulgare (Savi) Ten. Common thistle

Sunflower family Cotula australis (Sieber) Hook. Australian Cotula
~ coronopifolia L. Brass buttons

CRUCIFERAE Lepidium latifolium L. Broad-leaved pepper-gr~
Mustard family

DIPSACACEAE Dipsacus fullonum L. Fuiler’s teasel
Teasel family

LAB IATAE Mentha piperita L. Peppermint
Mint family

LEGUMINOSEA Melilotus albus Desr. White sweet dover
Pea family

PLANTAGINACEAE Plantago major L. Common plantain
Plantain family

POLYGONACEAE Rumex crispus L. Curly dock
Buckwheat family

PONTEDERIACEAE Eichhornia crassipes (Mart.) Solms. Water hyacinth
Pickerel-weed family

SOLANACEAE Solanum dulcamara L. Climbing nightshade
Nightshade family S. nodifolium Jacq. Small-flowered night.,

UMBELLIFERAE Apium graveolens L. Celery
Carrot family Conium rnaculatum L. Poison-hemlock

Foeniculum vulgate Mill. Sweet fennel
VERBENACEAE Lippia nodiflora Michx. var. rosee Garden Lippia

Vervain family (D. Don) Munz

a The list draws from the same sources as Appendix A. In addition, it includes R. E. Mall’s report
at Southampton Bay (Munz 1968:195), a t-rod which we have not duplicated either at Southamp
anywhere else in the estuary. Among grasses other than salt hay, all commonly inhabit the landwar,
tidal marshes around San Pablo and Suisun Bays except for pampas grass, which grows mainly in the
principal species among dicotyledons include Australian saltbush (all bays), curly dock (San Pablo
bays in 1975 but not, with a few exceptions, in 1977), brass buttons (wet places near high-tide le
Suisun Bay), and garden Lippia (the Delta).

fleshy Jaumea (Jaumea carnosa). California cordgrass fringes tidal.marsh plains where the
into mudflats. Near MTL it forms pure stands, but midway between MTL and MHHW it
les with red pickleweed (Salicornia rubra), and at higher elevations it yields to comn
weed. Subsidence due to ground-water withdrawal probably accounts for the anomalo~
of California cordgrass on the tidal-marsh plain at Palo Alto Baylands (Fig. 7; Har

Common rule (Scirpus acutus), Olney’s bulrush (Scirpus olneyi), cat-tails (Typha
mon reed (Phragrnites communis) and arroyo willow (Salix lasiolepis) dominate island,
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marsh in the Delta. Typical associates of these plants include swamp knotweed (Polygonum
coccineum), broadfruited bur-reed (Sparganium eurycarpum) and Pacific silverweed (Potentilla
egedei) (Scirpus-Phragmites-Typha association, Table 4). Another associated species is marsh
bindweed (Calystegia sepium), a morning glory that twines around rules and reeds. Below MTL
these plants yield to monotonous stands of rules (Scirpus acutus and Scirpus cali[ornicus) and, in
areas of quiet water, to floating aquatic species (Ludwigia association, Table 4).

Tidal-marsh plants of San Pablo Bay, Carquinez Strait, and Snisun Bay provide an intricate,
mutable transition between salt marshes of San Francisco Bay and freshwater marshes of the Delta
(Table 4, Appendix A; Figs. 7, 10). Details of this transition include: (1) Species from opposite
ends of the spectrum overlap to varying degrees in the middle. Most salt-marsh plants of San Fran-
cisco Bay live around San Pablo Bay and Carquinez Strait (Spartina and Salicornia paci]~ca associa-
tions, Table 4) and also around Suisun Bay (Appendix A). Salt grass and marsh Grindelia even
grow in the western Delta. Neither California cordgrass nor red pickleweed, however, appear to
grow east of Carquinez Strait. Cosmopolitan species of the Delta include rules and bulrushes
(Scirpus acutus, S. californicus, S. olneyi), cat-tails, and common reed. All of these plants range as
far west as the large sloughs north of San Pablo Bay. East of San Pablo Bay they generally supplant
California cordgrass (Fig. 10; Scirpus californicus association, Table 4). (2) Some common plants
of San Pablo and Suisun bays are scarce or absent in tidal marshes of the Bay and Delta. These spe-
cies include alkali bulrush (Scirpus robustus), sea milkwort(Glaux ma~itima),.and soft bird’s beak
(Cordylanthus mollis). (3) The vertical range and relative abundance of many species vary with
geographic location. Common pickleweed, for instance, shortens its vertical range and reduces its
ubiquity and abundance from west to east (Fig. 10). (4) Plant communities change not only from
the Pacific Ocean to the Sacramento and San Joaquin rivers but also from mouths to heads of
sloughs that drain major upland creeks north of San Pablo and Suisun bays. (5) The vertical and
geographic ranges of some species, most conspicuously the rules and bulrushes, can change signi-
ficantly within one or two years (Figs. 10, 11).

Reasons for trends. Environmental variables that may influence the distribution of vascula~-]
plants in tidal marshes include the reproductive methods of the plants, the frequency and duration
of tidal flooding, and characteristics of the soil such as particle size, salinity, aeration, moisture,]
~nd nutrients (Chapman 1960). Competition between species may also restrict the ranges of some

!plants. Available evidence from the San Francisco Bay estuary used to test several of these possi-
o~.:.~ilities implies that soft salinity, tidal inundation, and interspecific competition largely control the~

of local ’species.
.*: High soil salinity related to saline tidal water causes many plants to disappear toward San

Bay. Too much salt inhibits growth, as evidenced in the case of bulrushes and rules west
the Delta by the decrease in their size and abundance during the drought of 1976-1977 (Figs.
¯ 11). The damage or demise of these plants mostly reflects the increased salinity of tidal water

than the decreased local rainfall because daily high tides inundate the soils of most bulrush-
tules. Excessive salt likewise appears to discourage the growth of bulrushes, cattails, and
(Juncus spp.) in leveed marshes north of Suisun Bay (Mall 1969:36). Consistent with its
seed production in tidal marshes during 1976 and 1977, alkali bulrush produces few seeds

contain more than 24 °/oo salt (Mall. 1969:38).
salinity of soils may also contribute to the vertical zonation of vascular plants if, as

from north of San Pablo Bay, salinity during the growing season increases with elevation
2). According to field and greenhouse studies by Mahall and Park (1976b), salt rather than
I or nutrients probably favors pickleweed over cordgrass at high elevations near Black John
~and Mare Island. Similar considerations may account for the scarcity of tules and bulrushes

levels around San Pablo Bay, Carquinez Strait, and Suisun Bay.
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The frequency and duration of tidal flooding commonly correlate with vertical ranges of
vascular plants in tidal marshes (Johnson and York 1915; Purer 1942; Hinde 1954). For the San
Francisco Bay estuary, this correlation implies causation according to two lines of evidence: (1)
the scarcity of cordgrass, rules, and bulrushes above MHHW (Fig. 10) may indirectly result from
tidal inundation, if, as seems likely, the vertical increase in salinity reflects more .prolonged desic-
cation at higher elevations; and (2) tidal water may prevent pickleweed from growing at low
elevations by dislocating, suffocating, or leaching seeds and seedlings (Chapman 1960:45-49;
Mahall and Park 1976c).

Though the disappearance of species toward the Golden Gate reflects the physiological
hardships of saline water, the disappearance of species toward the Delta may represent a socio-
logical consequence of fresh water. According to greenhouse experiments, the principal vascular
plants of San Francisco Bay’s tidal marshes grow better in fresh water than in saline water (Bar-
bout and Davis 1970; Barbour 1970; Phleger 1971). The paradoxical disappearance of these
species toward the Delta therefore implies either that saline soils uniquely contain vital nutrients
or that other species competitively exclude salt-marsh plants from brackish- and fresh-water areas.
The vertical ranges of coexisting, potential competitors (Fig. 10) suggest a role for competition.
California cordgrass, for instance, seems to yield to alkali bulrush at elevations greater than 0.5 m
at Schultz Slough, but below 0.5 In the abundance of California cordgrass remains the same as at
more saline marshes such as China Camp. Similarly, bulrushes and tules appear to eliminate

Fig. 10. Regional and vertical distribution of the principal vascular plants in six tidal marshes
of the northern San Francisco Bay estuary. SYMBOLS FOR UBIQUITY AND ABUNDANCE OF
I?LANTS (top). Solid lines and black shading indicate widespread occurrence at or near a given
elevation; dashed lines and stippled shading show relatively sparse occurrence. The width of each
figure represents abundance and ranges from 1-10% (one line-width) to 100% (broadest part of
figure). Abundance approximates the area, relative to other vascular plants, covered by the pro-
jected canopy of the live individuals of a given’species within a 3-m~ circle centered at a point of
measured elevation. Symbols depict conditions as of autumn 1975, and principal changes observed
in autumn 1977. DISTRIBUTION OF PLANTS WITH RESPECT TO APPROXIMATE TIDE
LEVELS, BAY-WATER SALINITY, AND CLIMATE (main figure). All localities are projected to
the nearest point along a longitudinal profile of the estuary. This procedure generalizes the com-
parison of vegetation with longitudinal trends in environmental variables; for example, the water
I~rvirlg the marsh near Schultz Slough can contain less salt (Matthew et al. 1931:340-364) and rise
~,~.. ~lightly higher levels (see MHHW for Lakeville, identified elsewhere in this caption) than watez
at the nearest point along the longitudinal profile in southeastern San Pablo Bay. Vertical ranges of

~l~,lgnts were measured along or near leveled transects (Fig. 7; Atwater and Hedel !976). With
to tidal datums these ranges may err by 0.1 m or more (see text). Horizontal rows of dots

the highest elevation of pristine tidal marsh near transects at Richardson Bay and Sand
Slough; plants above this level are rooted in artificial levees. Marshes are abbreviated as
RB, Richardson Bay; CC, China Camp; SS, Schultz Slough; SB, Southampton Bay; HS,

Slough, SMS, Sand Mound Slough (see Fig. 2 for locations). Open circles along lines for tidal
represent gauges for which differences between various planes of reference have been

by the NOS (1977a, 1977b; Table 1). Locations of tide gauges are, from west to
(San Francisco); Pinole Point and, for the higher MHHW, on the bottom graph,

(3 km SE of SS); Crockett (4 km W of SB); entrance of Suisun Slough (about 13 km SW
Chicago (between Martinez and Shore Acres), Pittsburg (3 km W of SMS); and Old

Orwood (10 krn SE of SMS). Surface-water salinities follow Coonomos and Peterson
Climatic data (U. S. Department of Commerce 1964)refer t0the foll0.w...’mgJocalities, list-
west to east: downtown San Francisco; San Rafael (between RB and CC)~;’Hamilton Air

Base (2 km N of CC); Petaluma (3 km NW of SS); Croci~ett; Port Chicag0~F~i~.~ld (3 km W
and Antioch (15 km W of SMS).
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estuarme algae and riverine or marine debris as principal sources of estuarine food (Haines 197
1977; Wolff 1976). Given current controversy about these studies and shortcomings of relat~
information about the San Francisco Bay estuary, we can hardly guess what percentage of food
this estuary originates in the vascular plants of its tidal marshes. In the following discussion ~
merely assemble information about the production of food in tidal marshes, estimate how much
this food enters other parts of the estuary, and offer a tentative comparison with the productic
of food by floating algae.

Conventional methods equate export by tidal.marsh plants with a calctdated or arbitrm
percentage of their net productivity. Net productivity refers to the quantity of organic matter th
living plants store in excess of what they respire (Odum 1971:43). Bacteria, insects, and other c
ganisms may consume some of this organic matter in the marsh, and high tides may move anoth
fraction toward upland areas; helfce, only a fraction of net productivity in a marsh can reach oth
parts of the estuary. The simplest measure of net productivity is the seasonal peak in the weight
live, above-ground, annual tissues (peak standing crop). Peak standing crop underestimates net p~
ductivity, however, because living tissue disappears during the growing season (Hardisky and R
mold 1977; Reimold and Linthurst 1977:87; Kirby and Gosselink 1976).

Local measurements of standing crop (reported herein as grams of dry plant material,

SODI~
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600 ..~. / /
WEIGHT OF

--- ~ LIVE, ABOVE-

400 ~\\
!.~"~"

GROUNDlg ¯ m~2) TISSUES, 1972

AT END OF GROWING
SEASON, 1973
{~te of diffusion,
ng O2 cm-2.min-1)

SALINITY OF WATER

GROWING SEASON,
PP-CC                                                                                                                           1972

0 ~licornia pacifica

OF GROUND (m)
0

Fig. 12. Autumnal weight (d~) of abo~e-~ound t~sues of Spartina foliosa and Sal,
pacifica ~d env~onmental v~ables of a pro~de ne~ Black John Slough. Aeration of soft
30 cm) at end of 1973 ~ow~g season and sanity of water ~ soil (upper 35 cm) in 1972 a
of Mah~ 1974 and MahM1 and Park 1976a, c. These data are compared with normal
ties (SW) and the r~ge of sa~i~ of Bay water between P~ole PoMt (PP) and C~a Ca~
during 1969-75 (station 14 of Conomos and Pete~on 1977). Topographic profile is refere’
estimated MHW datum. Vertical b~s represent 1 SD of the measurements at eachstati
diameter of dots on lower two ~aphs exceeds the length of ba~.
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I square meter, g’m"2) suggest that vascular plants of the San Francisco Bay estuary produce at least
as much organic material as their counterparts in the eastern United States (Fig. 13). Peak standing
crops of California cordgrass (Spartina foliosa) range from 300 to 1700 g-m"2, comparable with its

I eastern relative, smooth cordgrass (Spartina alterniflora). Common pickleweed (Salicornia pacifica)
creates standing crops of 500-1200 g.m"2, likewise similar to the salt hay (Spartina patens), salt
grass (Distichlis spicata), and short variety ofsmooth cordgrass which commonly inhabit high parts

i of Atlantic-coast marshes. The largest reported above-ground standing crop in North American ti-
dal marshes may belong to rules in the Sacramento-San Joaquin Delta which, at low elevations
along sloughs, grow 3-4 m tall and weigh about 2500 g’m":.

Adjusted for slight loss during the growing season and extrapolated to other species and
localities, the standing crops of plants from a variety of marshes (Fig. 13) imply that net above-

SEASONAL PEAK IN WEIGHT OF
LIVE ABOVE-GROUND TISSUES

i
1000 2000 3000

SPECIES t I I I I LOCATION & REFERENCE

...........
}

Louisiana K&G
~ ~, "~..’~r’~’~ tall variety
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~

Delaware D
alterniflora ~ I, mixed short and Louisiana K&G

~ ,I tall varieties Delaware D

foliosa ....... ~ N = 16 Black John SI. M (P1,P2)
~ N = 8 Mare Is. M (MI}

~":~:’ N = 15 Tolay Ck. C
Sa/icornia ~ N = 24 Mere Is. M .(M4-M6)

1

pacifica

/

N = 8 Black John Sl. M (P4)

Distichlis ....... ~ Delaware D
spicata ~ Virginia K

Typha spp ........ -~ ~"~!~,,:~: ~:~.,~*~t New Jersey K

II Phragmites
communis ...... { ~~*"~": Delaware D

Mixed Phragmites, ~ ..
Typha, Scirpus spp.--~ ~ N = 5

I Sand~
Scirpus sp. cf. N = 5 |l SIoughM°und A

~2~ S. californicus { "

Scirpus lacustris j
i,_i (cultivated) ..... ~ ~ ’ Germany K

~,~
’ I ’ t

¯..~ 1000 2000 3000

:,~(!. Fig. 13. Comparison of peak above-ground standing crops (dry weight) for some tidal-marsh
Weights refer to annual tissues that were harvested from multiple plots near the end of the

season. Error bar. shows 1 SD and N denotes the number of plots. Abbreviations for
A-Brian Atwater unpublished data. Harvests were made in October 1977. Plots, 0.50

vegetation and 0.12 m~ for Scirpus, are located on a remnant of pristine marsh near
of Atwater and Hedel (1976, pl. 8). Elevations relative to NGVD are 0.6+0.2 m for

~l}lots and -0.4+0.2 m for Scirpus. Brown leaves attached to green Phragrnitea are included
standing crop. Samples were oven-dried to constant weight at 100° C. Infertile flowers

identification of Scirpus sp. C-Cameron (1972:61, 64, 66; pers. comm.). Graph
of July 1969. Peak standing crops at Tolay Creek in autumn 1968 were 1400

weight) for Spartimt and 1050 g’m"2 for Salicornia. D-Compilation by Daiber et
78, 82). K-Compilation by Keefe (1972). K & G-Kirby and Gosselink (1976).

and Park (1976a). Harvests made in 1972. Weights for Salicornia exclude living stems
years. Symbols in parentheses denote stations. Mahall’s Mare Island marsh is located

west of the locality plotted on Fig. 2.
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ground productivity by the vascular plants of our estuary’s tidal-marshes averages between 5~
and 1500 g-m’~-yr"~. Selecting 800 g-m’2-yr"~ as a typical value and multiplying by the prese
area of tidal marsh yields an estimated net above-ground productivity of 101 lg-yr’l. Tides m
rain flush approximately half of such organic material from cordgrass marshes (Teal 1962; D
et al. 1973; Cameron 1972:60), but the average fraction that enters the waterways and bays
the San Francisco Bay estuary is probably smaller because of the proximity of most tidal-mar
surfaces to high-tide levels (Fig. 7), which reduces the frequency of tidal flushing relative to ~
lower areas dominated by California cordgrass. If one fourth of net above-ground productivi
enters other parts of the estuary, then annual export equals 2.5 x 1010 g (dry weight), which
turn equals 101° gC because carbon constitutes about 40% of the dry organic matter (Kee
1972). We therefore estimate that the vascular plants of tidal marshes annually contribute 10 b
lion grams of carbon to the rest of the San Francisco Bay estuary.

Several perspectives aid in conceptualizing l 0 billion grams of carbon. (1) Net productivi
of floating algae in the bays, chiefly diatoms and flagellates, averaged about 200 gC-m"~-yr"1
1976-77 (Peterson 1979), all of which is available to other aquatic organisms. The bays curren
cover approximately 100 kmz (Conomos and Peterson 1977), so these algae produced 2 x i~
g of carbon, roughly 20 times our estimate of export by vascular plants of tidal marshes.
Historic destruction of tidal marshes (Figs. 1, 3) has probably caused a 10- to 20-fold reduc~
in their export of organic material. (3) At 10~ o gC, export from vascular plants of tidal mar
translates into roughly 5 lbs. of carbon per year for each of the 5 million human inhabitants’
surround the San Francisco Bay estuary.
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380

C--050285
C-050287



ATWATER ET AL: TIDAL MARSHES

APPENDIX A

COMMON VASCULAR PLANTS IN TIDAL MARSHES
OF THE SAN FRANCISCO BAY ESTUARY.

The list excludes introduced species denoted by Munz and Keck (1959). Asterisk designates
rare or endangered plant according to Powell (1964). Scientific names follow Munz (1968) and
Munz and Keck (1959) excepting nomenclature for Athyrium, Cornus and Salicornia, which
follows Mason (1957). Many of the common names are taken from Abrams (1923-1960), and
parenthetical descriptions of principal taxonomic groups are abridged from Mason (1957). Abbre-
viated headings refer to localities (Fig. 2): Palo Alto Baylands; RB, Richardson Bay; CC, China
Camp; SS, Schultz Slough; NA, Napa marshes; SB, Southampton Bay; MZ, Martinez, SA, Shore
Acres; HS, Hill Slough; SN, marshes N of Suisun Bay; BI, Browns Island; SMS, Sand Mound
Slough; SGS, Snodgrass Slough; DL, marshes and sloughs in the Delta.
Sources of information:
PA-Cooper (1926), Hinde (1954), and observations by Atwater in 1976.
RB, CC, SS, SB, SA, HS-Collections by Savage in 1975 (SA), 1976 (RB, CC, SS, SB), and 1977
(HS), and supplemental observations by Conard and Macdonald in 1976 (SS, SB)and by Atwater
in 1975 (CC) and 1977 (SB).
NA-Kingsley et al. (1977, Appendix A), lower-marsh and higher-marsh communities.
MZ-Observations by H. L. Mason in 1974.
SN, DL-Observations by H. L. Mason ca. 1970, supplemented with reference to earlier collec-
tions. Listed species belong to the following communities of Mason (undated, pp. 57-59, 71-75):
p~lustrine, Salicornia, and Distichlis (SN); and neuston, buoyan, palustrine, and willow-fern (DL).
BI, S MS, S GS-Reconnaissance by Conard and Macdonald in 1976.

IN. B.: During 1978 and 1979 Atwater collected 40 species at SMS and 38 at SGS, many more
than listed here, and also observed widespread Salicornia pacifica, Jaumea carnosa, and Triglochin
maritirna in pristine marshland at BI. Mason’s Eupatorium occidentale is probably Pluchea pur-
purascens (Sw.) DC. (marsh-fleabane).]
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KNOWN DISTRIBUTION OF SPECIES IN TIDAL MARSHES

FAMILY                     SPECIES                                                                        San Fran-      San Pablo      Carquinez         Suisun        Sacramento - San
cisco Bay Bay Strait Bay Joaquin Delta

PA RB CcSSNA SB MZSAHSSN BI SMSSGS DL

Common Name                                                                                       X
Linnaean Name

POLYPODIACEAE
Athyrium fitix.feraina (L.) Roth

Lady fern X
X

Fern family Fern-like azolla

SALVIN1ACEAE
Azolla filiculoides Lain. Mexican azoila

Salvinia family A. mexicana Presl.

Antho hytes - plants producing true flowers and see.d.s. Mo.n.~):c.o
yes usually parallel-veined’ flowers usually with par~s m .......

v.-- f -

ALISMATACEAE
Sagittaria latifolia Willd.

Broad-leaved arrow-head X
X

Water-plantain family Sedge X

CYPERACEAE
Carex spp. Umbrella sedge X X
Cyperas spp. Needle spike-rush X X X

Sedge family Eleocharisacicularis (L.) R. & S. Spike-rush X X X X X X X ~;~ i I

E. sp. CommontUie X X X X X

Scirpus acutUs Muh|. Three-square X X X X X
X

S. americanUS Pars. California bulrush, rule X X X

S. californicus (C.A. May.) Steud. X X X X X

S. cernuus Vahl. vat. californicus (Ton.) Beetle
Low alub-rush X X
Olney’sbukush                             X X X         X         X X

S. olneyi Gray Alkali bulrush X
X

S. robustusPursh California hak-g~ass X X X X X X X X X X X

De~champsM caespitosa (L) Beauv.
~o GRAMINEAE Distichlis spicata (L.) Greene

Salt gr~Ss
XX X X X X X X

OO Grass family vat. stolonifem Beetle Alkali rye-grass X
tO

Elymus triticoides Bucld. Common reed
Phragmites eommunis Trin. vat. X

berlandieri (Fouru.) Fern. California eordgrasS
X X X X X X

X
Spartina foliosa Trin. Waterweed XHYDROCHARITACEAE     Elodea canadensis Michx.                                                                                                 X X        X

xXX         X
Frogbit family

E. densa Planch. Baltic rush X X X
X

Juncus balticus Willd. Salt rush X
JUNCACEAE

Rush family
J. leseurii Bol.
J. effusus L. vat. pt~cificus Fern. & Wieg.
J. sp. Slender arroW’grass

X X X X X X X
X X X X

JUNCAGINACEAE
Triglochin concinna Davy Seaside arrow-grass X

Arrow-weed family 7". marttima L. Duckweed X

Latona ssp. (four species)
LEMNACEAE

Duckweed family
Spiradela polyrhiza (L.) Schl¢id.

Greater duckweed X

Wolfiella lingulata (Hegalm.) Hegelm
Tongue-shaped Wolfiella

Common water nymph X

NAJADACEAE
Najas guadaIupensis (Sprang,)

X X
X

Water-nymph family
MOrong. Fennel-leaved p0ndweed

POTAMOGETOI~ACEAE
POtamogeton pectinatUS L.

X

pondweed family P. spp. (seven species)
Spargantum eurycarpum Engelm.                 Broad-fruited bur-read



San Ftan- San Pahlo Carquinez Suisun Sacramento - San
etsco Bay Bay Strait Bay Joaquin Delta

LtnnacanName CommonName PA RB CCSSNA SB MZSAHSSN BI SMSSGS DL

TYPHACEAE Typha angustifolia L. Narrow-leaved cat-tall X
Z domingensis Pars. Domingo cat-tail X X X X X X
T. glauca Godron Blue-flag X X X
T. latifolia L. Broad-leaved cat-tall X X X X X X X

(Dicotyledons-Plants with l~avas not usually parallel-veined; flowers with parts
usually in multiples of two, f’rce, or many)

AIZOACEAE Sesu~ium verrucosum Raf. Lowland purslane X
Carpet-weed family

CAP, YOPHLLACEAE Spergular~a maerotheea (Hornem.) Heynh. Large-flowered sand spurry X
Chickweed family S. marina (L.) Griseb. Salt-marsh sand spurry X X X X X X X X

CERATOPHYLLACEAE eeratophyllum demersum L, Hornwort X
Hnrnw~rt family

CHI~NOPODIACEAE Atriplex patula L. sap. hastata (L.) Hall & Clam. Halberd-leaved ssltbush X X X X X X X X X
Goosafoot fami!y Sali¢orniapacifiea Standl. Common pieklaweed(perennial) X X X X X X X X X X

8alieornia rubra A, Nels. Red pickleweed (annual) X X X
COMPOS1TAE AehtTlea borealif Bong. asp. Common yarrow X X X X

Sunflower family ealifornica (Pollard) Keek
Artemisia douglasiana Bess, Doaglas" mugwort X X X
Aster chilens~s Noes. Common California aster X X X
Baceharis douglasil DC. Salt-mazsh Baeeharis X
B. pilularis DC. sap. consangulnea Coyote brush X X X X

(DC.) B. C. Wolf
Bidens frondosa L. Stick-tight X
B. laevis (L.) BSP. Bur-marigold X X X
Eupatorium occidentale Ho~k. Western Eupatorium X
GrindelitthumilisH.&A. MarshGrindelia X X X X X X X X X X
Helenium bigelovii Gray Bigelow’s snoezewaed X X
Jaumeacamosa (Less.)Gray Fleshy Jaumea X X X X X X X X X X
Solidago occidentalls (Nutt.) Tort. & Gray Western goldenrod X X

CONVOLVULACEAE Calystegia sepium (L) R, Br. sap. Marsh hedge bindweed X X X
Morning-glory family limnophila (Greene) Brummitt

Crease truxillensis HBK. va~. Alkali weed X
vallieola (HeBer) Munz

CORNACEAE Comus stolonifera Miehx. vat. californiea Creek dogwood X X
D<~gwood family (C. A. May.) McMinn

CRASSULACEAE Tillaea aquatics L. Water pigmy-weed X
Stonecrop family

CUSCUTACEAE ~useuta saline Engelm. Salt-marsh dodder X X X X X X
Dodder family

FRANKENIACEAE Frankenia grandlfolfn Chem. & Sehlaeht. Alkali heath X X X X X X X X
Frankenia family

HALORAGACEAE Myriophyllum braziliense Camb. Parrot’s feather X
Watvr-milfoll family M. aptcatUm L. sap. exalbeseens (Fern.) Hult. American mflfoil X X



FAMILY SPECIES KNOWN DISTRIBUTION OF SPECIES IN TIDAL MARSHES

San Fran- San Pabto Cerquinea Suisun Sacramento - San
cisco Bay Bay Strait Bay Jnaquin Delta

LinnaeanName CommonName PA RB CCSSNA SB MZSAHSSN B1 SMSSGS DL

LABIATAE Lyeopus americanus Mnhl. Cut-Inured water-horehound X X X
Mint family Stachys albens Gray X

LEGUMINOSAE Lathyrus eallfomtcu~ Doug. ex. Lindl. Beach pea X X
Pea family * L./epsonii Greene Jepson’s pea X X X X

Lotus aalsuginosus Gr~ne Coastal lotus X
Ficia sp. Vetch X

LYTHRACEAE Lythrum hys*opifolta L. Hyssop looscstrife X X X
Loosestrffe family

MALVACEAE * Hibiscus californicus Kell. Calffosnia Hibiscus X X X
Mallow family Side hederacea (DougL) Tort. Alkali mallow X X

NYMPHAEACEAE Nuphar polysepdum Engelm. Yellow pond lily X
WaCer-illy family

ONAGRACEAE Epilobium app. Willow-herb X X
Evening primrose family E. watsonii Barb. Watson’s willow-herb X

Ludwigia peploides (HBK.) Raven Yellow water-weed X X X X
PLANTAG1NACEAE Plantt~go maritime L. asp. ]uncoldes Pacific seaside plantain X X

Plantain family (Lamo) Hult.

PLUMBAGINACEAE LimoMum eafifornicum (Bolas.) Holler California marsh rosemaly X X X X X X
Plumbago family

POLYGONACEAE PolygOnum aviculare L. Common knotweed X
Buckwheat family P. coccineum MuhL Swamp knotweed X

P. hydropiperoides Michx. ver. Mild-water pepper X X
asperifotium Stauf.

P. lapathifotium L. Pale persicaria X
PRIMULACEAE Glaux maritime L. Sea milkwort X X X

Primrose family Samolus flo~bundus HBK. Water pimpernel X
ROSACEAE Potentilla anse~ina L Silverwead X

Rose family P. egedet Wormsk. vat. grandis Pacific silve~wead X X X
(Rydb,) $,T, Howell

RUBIACEAE Cephulanthus occidemalis L. ver, Button-bush X X X
Madder family califoruicus Bentho

Galium trifidum L. var. subbiflorum Weig, Bedstraw X X
SALICACEAE Populus fremontit Wars. Fremont’s poplar X

Wfll0w family Salix gooddingii Ball. Goodding’s willow X
8. hindstana Benth. Sandbar willow X X
$. la~lolepis Banth. Anoyo willow X X X

SCROPHULARIACEAE    * Cordylanthus mollis A. Gray sap. mollts Soft bird’s beak X X X
Figwoxt family Ltmosella subulata Iver Awl-leaved mudwort X

Mlmulus guttarus Fisch. ex. DC. Common large monkey-flower X X
8crophularia ealiforniea Cherub. & SchlechL Coast figwort X



San Fran- San Pablo Carquinez Sulsun Sacramer~to - San
"" cisco Bay Bay Strait Bay Joaquin Delta

tO
LinnaeanName                              CommonName                  PA RB      CCSSNA        SB        MZSAHSSN     BI SMSSGS DL

UMBELLIFERAE Hydrocotyle umbellata L. Many-flowered marsh-pennywort X X
Carrot family IL verticillat~ Thunb. vat. Whorled marsh-pennywort X X

trlradiata (A. Rich.) Fera
Oenanthe sarmentosa PresL Pacific Oenanthe X

URTICACEAE Urtica holosericea Nutt. Nettle X
Nettle family

VERBENACEAE Verbena has~ara L. Blue vervain X
Verbema family It. $cabra Vahl. Rough verbena X
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LEGAL PROBLEMS OF TIDAL MARSHES

JOHN BRISCOE
Deputy Attorney General, Room 6000 State Office Building, San Francisco, CA 94102*

I Three legal problems that afflict tidal marshes are (1) the rights and Habilities
of persons seeking to alter the natural condition of a marsh, (2) boundaries of
ownership interests within a marsh, and (3) boundaries of the jurisdictions of

i government agencies having power to regulate filling, dredging or other activities
within the marsh. 1) The legal theories of public nuisance and public trust are
means of preventing or remedying demonstrable injury to a tidal marsh. Several
cases demonstrate the law’s need in this context for an understanding of the
processes of the tidal marsh. 2) To determine ownership interests within a tidal

| marsh it is often critical to locate the line of mean high water (MHW) in either
its present or some prior position. 3) Similarly, the geographical extent of the
authority of government bureaus to control filling, dredging, or other human
activities within tidal marshes is often a function of tidal datums. For this
purpose the lines of MHW and of mean higher water (MHHW) (in either the
present or some past location of the line) are most frequently employed.

I Tidal marshes have bred legal problems as abundantly as their brackish reaches can breed

mosquitoes in summer. While an in-depth treatment of these problems would require volumes, the

lurpose of this chapter is to give the scientist a brief glimpse of the law’s need for Iris knowledge
f marshes.

Two of the three subjects discussed are boundaries: boundaries of ownership interests in ti-

i~al marshes, and jurisdictional boundaries of agencies that regulate the diking, filling, dredging or
r altering of marshes. The third subject, which is treated first, is the vast area of legal questions

at arise from direct human threats to the viability of a marsh or to its dependent life systems.

THE DEGRADING OR DESTROYING OF MARSHES BY MAN

Human threats to marshes center on the draining or f’dling or marshes, or the polluting of the
of a marsh. The legal problems chiefly entail questions of the adequacy of environmental

prepared for a proposed project, and whether alleged threats to a marsh are real or
Although even a superficial survey of these questions is beyond the scope of this chap-

it shows that even before the gauntlet of modern laws was thrown down to these threats
1), the law often saw a remedy for demonstrable injury to the environment. An ancient

of "public nuisance," for one, afforded such a remedy. Three early California cases illus-
this doctrine.

one landmark decision the State sought to prohibit the dumping of hydraulic-mining

expressed herein are not necessarily those of the Attorney General or of other bureaus of the State.

Applications for projects requiring federal, state or local approval now must usually be accompanied by
af the projects’ environmental impacts. See National Environmental Policy Act of 1969, 42 U.S.C.

and Zabel vs. Tabb, 430 F.2d 199 (1970), discussed below, and the California Environmental
Act, California Pub. Resources Code § § 21000-21176, and Friends of Mammoth vs. Board of Sup’rs
County, 8 CaL3d 247 (1972).

Pacific Division, AAAS. 387
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SAN FRANCISCO BAY

TABLE 1. MAJOR LEGAL DEVELOPMENTS IN THE
ENVIRONMENTAL HISTORY OF SAN FRANCISCO BAY

Date             Event Impact

1851 San Francisco Beach First State statute authorizing the sale of tidelands to pri-
and Water Lot Act vate parties. (Subsequent sales statutes pertaining to S.F.

Bay were enacted in 1868 and 1870, among other dates.)

1879 New State Constitution Separate arricles prohibited (1) private landowners from denyin.
adopted, effective the public right of way to navigable waters whenever required fe
1 January 1880 a public purpose, and(2) the sale to private parties of any

tidelands within 2 miles of an incorporated city or town.

1913 California Supreme Ct. Held that (1) tidelands sold by State to private parries rema5
Decision in People vs. subject to a "public trust" easement, and (2) sales of lands 1.~
California Fish Co. 166 hag "below low tide" are wholly invalid. (Authorizing statu~
Calif. Reports 576. reviewed by Court excluded from its operations lands with;

five miles of San Francisco.)

1965 Crearionby California legisla- Temporary agency to formulate comprehensive plan for Ba
ture of S.F. Bay Conservation given life of four years.
and Development Commission.

1968 State - Leslie Salt Co. First Agreement with major San Francisco Bay landowners
land agreement recognizing State rifles to tide and submerged lands within

boundaries of lands sold by State as "swamp-and-overflow
lands." Agreement reached after 20 years of negotiations.

1969 MeAteer-Petris Act San Francisco Bay Consercation and Development Com-
mission made a permanent agency.

"Westbay" lawsuit filed State challenged landowners’ claims of elear rifle to 188
in San Marco County acres of ride and submerged lands in S.F. Bay.

1971 Calif. Supreme Ct. Deci- Reaffirmed principles of People vs. California Fish Co.
sion in Marks vs. Whitney, that public trust purposes include keeping tidelands in a
6 Cal. Reports 3d 251 natural condition.

1972 Corps of Engineers amends regu-Expanded jurisdiction, if valid, wouldencompass m:
larions to assert regulatory autho-salt ponds and other reclaimed marshlands.
rity to "former" Line of mean
highar-high water (i.e., prior
to changes such as diking.)

Westbaylawsuit expanded P~ivate landowners place in issue rifle to additional 10,001
ores of tide and submerged lands presently under S.F. Bay
ters. Perhaps largest, most complex land litigation in hist

1977 Westbay cas~ settled State’s absolute title to 75% of disputed land recognized.
Remaining 25% adjudicated to be held by landowner
subject to the public trust.

1978 Leslie Salt Co. vs. Froehlke Court of Appeals for the Ninth Circuit invalidates Corps of ~
Engineers’ regulations extending jurisdiction to former li~
mean higher-high water, as to Rivers and Harbors Act juris-
diction only. Regulations respecting Corps authority under
the Federal Water Pollution Control Act upheld.

1979 Murphy vs. Oty of Berkeley California Supreme Court has taken case from Court of
(?) Appeal, which held that tideland sales in Berkeley pursu-

ant to 1879 Act did not lift the public trust. Scope of
Supreme Court’s decision cannot be predicted.
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I debris into the North Fork of                             to non-tidal streams, California
owns the beds only of such streams that are nawgable, and the State Supreme Court wrote that
the North Fork was an unnavigable stream. But because the debris was carried from the point of

I dumping down to the confluence with the Sacramento River, where it settled and impaired the
navigability of the Sacramento, the dumping was ordered enjoined. Two statements of the Court
bear consideration:

To make use of the banks of a river for dumping places, from which to cast into
the river annually six hundred thousand cubic yards of mining debris, consisting of
boulders, sand, earth, and waste materials, to be carried by the velocity of the stream

l down its course and into and along a navigable river, is an encroachment upon the soil

¯ of the latter, and an unauthorized invasion of the rights of the public to its navigation;
! and when such acts not only impair the navigation of a river, but at the same time af-

fect the fights of an entire community or neighborhood, or any considerable number

~ of persons, to the free use and enjoyment of their property, they constitute, however

¯ long continued, a public nuisance ....
~ Accompanying the ownership of every species of property is a corresponding duty

to use it as that it shall not abuse the fights of other recognized owners ....

1 Upon that underlying principle, neither State nor Federal leglislatures could, by
¯ silent acquiescence, or by attempted legislation, take private property for a private

~1 use, nor divest the people of the State of their fights in the navigable waters of the
State for the use of private business, however extensive or long continued. (People vs.

i l
Gold Run D. & M. Co., 66 Cal. 138, 147, 151 [1884].)(Emphasis added.)

¯ In a later case the State sought to prohibit the damming of a small salt-marsh slough tribu-
tary to the Salt and Eel Rivers. Again the State Supreme Court held that ownership of the beds of

i~he sloughs affected by the dam was immaterial. If damming diminished the navigability of the
|~xmk stream, it was enjoinable. And "It] he fact that these sloughs carry tide-waters, which ebb
~ud flow, presents no different case from one where the tributaries so dammed flowed fresh

brought by the State. Dumping was alleged to be harmful to fish that spawned in and
through the waters of the river. The State Supreme Court held that fish are "the most ira-
constituent of that species of property commonly designated as wild game, the general

ownership of which is in the people of the state .... ’" That being so, the ownership of
of the Truckee River was immaterial, the court held, and the People were entitled to an in-
stopping the pollution (People vs. 7¥uckee Lumber Co., 166 Cal. 397, 399, 402 [1897] ).

is evidence (Teal 1962; Johnston 1956 [San Francisco Bay]; Valie!a and Vince
and Hall 1976; Sims 1970) that marshes serve as breeding grounds for various

i.of fish and that marsh-plant detritus is a link in the food chain of certain fish species.~

there is evidence (Mitchell 1869; Pillsbury 1939; Manner !926) that salt marsh-
of the waters of tidal floods, keep the main estuary channels scoured and

axe too some contrary indications withzespect to the zole of marsh-plant detritus as a link in
977).
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SAN FRANCISCO BAY

r~vigable.3 These cases indicate that even before the enactment of modern environmental protec-
tion laws, there has been an adequate understanding of the tidal marsh and its processes to provide
a foundation for the legal means to prevent the degradation or outfight destruction of the marsh.

This proposition seems all the more valid when these cases are read together with cases that
expound the "public trust" doctrine. Thisdoctrine holds that tidelands (in general, lands subject to
tidal action and lying below the elevation of mean high water [MI-IW] as well as non-tidal lands be-
low navigable waters, are held by the State subject to a public trust for purposes (among others) of
navigation andfisheries(Marks vs. Whitney, 6 Cal. 3d 251 [1971] .4 And significantly, while not all
tidal marshes are "tidelands" within this det’mition, the public-trust doctrine in California burdens
property abutting tidelands and navigable waters, as well as the tidelands and navigable waters
themselves, "with a servitude commensurate with" the public trust power itself (Colberg, Inc. vs.
State of California ex rel. Dept. Pub. Wks., 67 Cal. 2d 408,420 [1967] ;Miramar Co. vs. Santa Bar-
bara, 23 Cal. 2d 170 [1943]). In other words, the public-trust power, while arising from the State’s
ownership of"tidelands," nevertheless may extend shoreward of the tideland boundary when neces-
sary to effect the purposes of the trust. The significance of this principle is that action taken

pursuant to this power requires no payment of compensation to the landowner, since the affected
property is already "burdened" with that power (i.e., the landowner bears the risk that the power
may be exercised). The Just case, discussed below, explores the area of compensation more fully.

Three contemporary cases which have had a profound impact on this subject of man’s degra-
dation of marshes should be mentioned briefly. Describing the doctrine of nuisance as "the oldest
form of land use control," the California Court of Appeal in 1974 held valid California’s coastzl
initiative (passed by the voters in 1972 and popularly known as "Proposition 20"), in part in reli-
ance on that doctrine (CEEED vs. California Coastal Zone Conservation Com., 43 Cal.App.3d 306,

318 [1974]).s

3 "Mitchell’s Rule" is: "A river having a bar at its mouth. ,, will be injured as a pathway for navagation"
the tidal influx is reduced by encroachments upon its basins. Grove Karl Gilbert (1917: 102-103) described~

shoaling that had occurred in Mare Island Strait since the advent of marshland reclamation and
"... I am not aware that the influence of reclamation has been mentioned in this cormeetion
no question that the impairment of the channel has been caused in part by the weakening of the
which had been in turn caused by reclamation of the adjoining marshlands.

4 The Marks ease held specifically: "Public trust easements are traditionally def’med in terms
commerce and fisheries. They have been held t0inelude the right to fish, hunt, bathe, swim,
general recreation purposes the navigable waters of the state, and to use the bottom of the navigable waters
anchoring, standing, or other purposes. The public has the same right in and to [even privately owned]

"The public uses to which tidelands are subject are sufficiently flexible to encompass changing
needs. In administering the trust the state is not burdened with an outmoded classification favoring
utilization over another. There is a growing public recognition that one of the most important
tidelands-a use encompassed within the tidelands trust-is the preservation of those lands in their
so that they may serve as ecological units for scientific study, as open space, and as environments which
food and habitat for birds and marine life, and which favorably affect the scenery and climate of
not necessary to here define precisely all the public uses which encumber tidelands." 6 Cal.3d at 259-260 ~
tions omitted). As discussed in the section concerning ownership, below, it must be considered in ca&
whether the tract of marshland in question is in fact "tideland" within the legal definition, or falls witldn
other legal classification of land.

s "The law of nuisance, called the oldest form of land use control, evolved from the ancient
utere tuo ut alienum non laedes’-one must so use his tights as not to infringe on the rights of others.
mon law a public nuisance was defined as an act or omission which obstructs or causes inco~
to the public in the exercise of rights common to all "Her Majesty’s subjects." Subject to constitutional
against unreasonable or arbitrary action, the Legislature may declare that a specified conditio~
tutes a public nuisance. The power of the state to declare acts injurious to the state’s natural resources
tute a public nuisance has long been recognized in this state. Contemporary
an exercise by government of this traditional power to regulate activities in the nature of nuisances.
notes and citations omitted). 43 Cal.App.3d at 318.
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i                        BRISCOE: LEGAL PROBLEMS

I A Federal appeals court in 1970 held that the U.S. Army Corps of Engineers, in reviewing
applications to Fill or dredge navigable waters, may consider environmental consequences of the
proposal and is not conf’med to considering only the effect of the project on the Corps’ traditional

Iward,navigation (Zabel vs. Tabb, 430 F.ld 199 [5th Cir. 1970] ).
A 1972 Wisconsin Supreme Court decision, Just vs. Marinette County, has similarly been

considered a landmark case in environmental law, particularly with respect to marshlands. A coun-

iita~uOrdinance, enacted pursuant to State law, prohibited the filling, draining or-dredging of"wet-
ds" without a permit. The legal question was whether these restrictions amounted to a "con-
ctive"(i.e, virtual) taking of property for a public use, which under the constitution would re-

j~hi
ire the payment of just compensation to the owners. States have the power of eminent domain,

ch authorizes the taking of private property for public purposes upon the payment of just com-
nsation, and they also have the police power, which is the basis forour criminal and health laws.

When laws enacted under the police power restrict the uses to which land can be put, there is often

~e charge that the restrictions amount to a "taking" that requires compensation. Just when a
d-use restriction becomes a "taking" is an elusive question. It has been the subject of many

court decisions and journal articles, no one of which has formulated a criterion that is satisfactory

fo
al1 cases. The extent of the restriction, and the loss of value it causes, are frequently examined,

t are not necessarily determinative. In Just vs. Marinette County, the court analyzed the issue
ording to an old, and not always adequate, formulation: whether the restriction is intended to

secure a benefit for the public it does not presently enjoy, or whether it is intended to prevent an

l ury to the public. Since this ordinance was designed merely to preserve the status quo (i.e. to
vent further degradation of water quality and wildlife habitat), it was held a valid exercise of

the police power, and not a taking.6 Although hailed as an important natural-resources decision,

~t nonetheless did not treat, nor did the controversy require it to treat, the question of proper

edies for past injury to wetlands.

OWNERSHIP

I Ownership, the second area of legal problems affecting tidal marshes, may be as intricate as a

marsh’s network of sloughs and rivulets. Although some marsh lands were granted to individuals

~ipain and Mexico when those countries were sovereigrt in California, to be recognized after the
ed States’ annexation of California, these grants were required to be confirmed by a Board of
Commissioners especially created to hear the claims of persons to such grants.
With the exception of this unique category of land, there are three legal classifications (or

of land found within tidal marshes: "swamp-and-overflowed lands," "’tidelands,"
~d lands." (These are court-defined legal expressions having no intrinsic engineering

scientific meaning). With few exceptions, submerged lands, lands lying waterward of the "ordi-
low water mark," were never made available for private purchase and purported purchases of
lands are void. [Editor’s note: See Atwater et al. 1979, Table 1 for def’mition of tide-datums

heights.] But statutes authorizing the sale of both tidelands and swamp-and-overflowed lands

~ The Just Court reasoned: "We are not unmindful of the warning in Pennsylvania Coal Co. vs. Mahon
43 S.Ct. 158, 160, 67 L.Ed. 322:

) ’...We are in danger of forgetting that a strong desire to improve the public condition is not enough to
achieving the desire by a shorter cut than the constitutional way of paying for the change.’ This obser-

~ refers to the improvement of the public condition, the securing of a benefit not p~esenfly enjoyed and to
the public is not entitled. The shoreland zoning ordinance preserves nature, the environment, and natural

were created and to which the people have a present right. The ordinance does not create or
the only preserves nature from the despoilage and harm resulting from the unre-

of humans.’ 201 N.W. 2d at 771,
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wer~ enacted by the California legislature in 1850. And while the same laws provided for the sale
to private parties of both these characters of land, the distinctions between the two types of land
are critical. For as to swamp-and-overflowed lands:

"’The lands which passed to the state by grant under the Swamp Land Act were
thereafter subject to absolute alienation by the state, free of any public trust for navi-
gation. (Newcomb vs. City of Newport Beach, supra, 7 Cal. 2d 393,400.)

Whereas the purchaser of tidelands

.... owns the soil, subject to the easement of the public for the public uses of na-
vigation and commerce, and to the right of the state, as administrator and controller of
these public uses and the public trust therefor, to enter upon and possess the same for
the preservation and advancement of the public uses, and to make such changes and
improvements as may be deemed advisable for those purposes. (People vs. California
Fish Co., supra at 598).

But determining where a tract of swamp-and-overflowed land (or "swamp land" for short)
ends and the tideland begins may not be a simple matter. The California Supreme Court has ob-
served:

These swamp and overflowed lands embraced large areas in the interior of the
state, situated in the San loaquin and Sacramento.valleys, and extending down to tide
water in the bay of San Francisco. There the tide flats in many places merged into
them imperceptibly, making it difficult to distinguish between them. (People vs.
California Fish Co., i66 Cal. 576,591 [1913]).

To demonstrate why this difficulty exists it is necessary to examine the roots of title to these two
characters of land (Fig. 1). Tidelands and other lands beneath navigable waters within California
became the property of the State as an incident of sovereignty when California became a state o~

9 September 1850.~ (These lands were held by the State in the public trust mentioned above). E..x~
cepting the grants made previously by the Spanish and Mexican governments, all other land with~
the State was then the property of the Federal government, including "swamF
lands," which Congress granted to California 19 days later,s With certain possibIe exceptions, 1
boundary between the tideland and the upland (swamp lands being a species of upland) is a ~
the law calls the "ordinary high water mark.’’9

But like "tidelands" and "ordinary low water mark," "ordinary high water
expression that has no intrinsic meaning to an engineer or surveyor. Courts have given
as to certain types of topography. It has been held for example that the ordinary high water ~
along a non-tidal navigable river is the line at which vegetation stops (see Oklahoma vs.
U.S. 606, 632 [1922] ; Skelton, Boundaries and Adjacent Properties 310-11 [1938] ).

After much confused law on the meaning of the term for purposes of tidal water

7 Martin vs. Waddell 41 U.S. (16 Pet.) 367, 410 (1842); Shively vs. Bowlby, 152 U.S.
Weber vs. Harbor Commissioners, 85 U.S. (18 Wall) 57, 65-66 (1873); People vs: Cali~’ornia Fish Co., 1~
576, 584 (1913);Marks vs. Whitney, 6 Cal.3d 251,258 (1971).

s 9 Stats. 519 (28 September 1850),43 U.S.C. § 981 et seq.

9 Barney vs. Keokuk, 94 U.S. 324, 336-38 (1876);Borax, Ltd. vs. Los Angeles, 296 U.S. 10, 22
Wright vs. Seymour, 69 Cal. 122, 126 (1886); Long Beach Co. vs. Richardson, 70 Cal. 2061
OaMand Water Front Co., 118 Cal. 160, 183 (1897);Pacific Whaling Co. vs. Paclcers’Association,
635, 636 (1903); People vs. California Fish Co., supra, 166 Cal. 576, 584 (1913); Civil Code § 670.’
Strand Improvement Co. vs. Long Beach, 173 Cal. 765,770 (1916);Miller & Lux vs. Seeara, 193 Cal.’
762 (1924).
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I Fig. 1. Projection of tidal datums (left) and property lines (center and right) onto a hypo-

tical tidal marsh. Center diagram shows lines surveyed by the U. S. Government after the an-
nexation of California in 1848. The ranch was granted to a private party by either Spain or Mexico

i I ore annexation, confirmed by the American Board of Land Commissioners after annexation,
! subsequently surveyed by the Federal government. The government was also required to iden-
tify the "swamp-and-overflowed lands" that it granted to California on 28 September 1950, and
often did so by survey. Surveyors were not always careful to locate the true "ordinary high water

iilk or as it has been defined by some courts, the mean high water line. Nonetheless the true

I~mdary remains the ordinary high water mark, no matter how erroneous the survey, which was
run chiefly to compute acreages. California laws enacted in 1850 authorized the sale to private

of tidelands and swamp-and-overfiowed lands. These sales were made according to sur-
that frequently did not correspond to the Federal surveys, much less the actual topography.

figure depicts a typical pattern of surveys done for these State sales. This lack of
between the true physical conditions and the designations of title documents creates

disputes today.

U.S. Supreme Court held in 1935 that the "ordinary high water mark" separating privately

uplands (which had been sold by the Federal government) from the tidelands of San Pedro
the line of mean high water (Borax Ltd. vs. Los Angeles, 296 U. S. 10 [1935]).i° For

time surveyors and engineers had authoritative guidance how to locate the ordinary high
mark, since the mean high water line is the intersection with the shore of the plane of a pub-
precisely determined tidal datum (Shalowitz 1964:581). It is not always, however, an easy

precise elevations in a marsh:

Obviously, it would be an extremely difficult task to identify the actual high-
line in marsh areas. The marsh may be in various states of growth, from its early

when it is mostly a submerged stage, to its latest development, when it
close to or slightly above the plane of high water. Between these two extreme

e.g., Tesehemaeher vs. Thompson, 18 Cal. 11, 21 (1861);.Otey vs. CarmelSanitaryDistriet, 219
(1933). These cases may be read as asserting that the "ordinary-high-water-mark" is not equivalent

of mean high water, that is, the mean of all high waters, but rather to a line of the mean of "nea "
The error of this position from a legal standpoint, and the courts’ fanciful misconceptions of n~Pap

been thoroughly explored (Maloney and Ausness 1975).
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conditions, marsh areas may be entirely submerged at low water, may be exposed at
low water and submerged at high water, or may be partially exposed at high water...
(Shalowitz 1964:176-177).11

Thus locating the MHW line in a natural marsh is not always a simple matter. Moreover,
artificial changes in the condition of a marsh may further complicate the determination of the
legal character of the land (see for example Atwater et al. 1979). For when a marsh has been
filled, diked, or otherwise altered by man, the relevant legal inquiry may shift from the present
land elevations to the elevations of the land when it was last in a natural condition.~2 When the
inquiry does so shift, an expert must determine first the existence of any changes that have
occurred in the marsh, such as diking, dredging or filling, or more subtle changes such as eolian
deflation, subsidence, or accretion to or erosion of the marsh edge. The expert must then deter-
mine the cause of these changes. Desiccation or ground-water withdrawal may be causes of sub-

sidence, and alteration of the natural sedimentation or wave patterns may be causes of a prograd-
ing or retrograding marsh edge. The next task is to determine (as well as possible) the conditions
that existed before the change, specifically the marsh-surface elevations.

Of interest to the marsh botanist are the attempts that have been made to locate the MHW
line in a natural marsh by determining the distribution of vascular plants with respect to tidal
datums (IVlaloney and Ausness 1974). A New York court has rejected such an approach as incon-
sistent with that state’s law of coastal boundaries.13

Of course, locating the ordinary high water mark is not the only task that must be done. His-
torical research and legal analysis of documents in the chain of title must be completed before the
true state of ownership can be determined.

JURISDICTION OF REGULATORY AGENCIES

As with questions of ownership, tidal datums largely dictate the authority and responsibilit)
of agencies having jurisdiction over the uses of tidal marshes. The U. S. Almy Corps of Engineer:

has authority to regulate the diking, dredging or filling of marshes. The Corps has two statutor3.

1 t Further evidence of the problem of surveying a mean-high-tide line in tracts of swamp is contained
several technical documents:

(a) Field Memorandum No. 1, United States Coast and Geodetic Survey (1938): "In marsh, mangrov
and cypress or similar swamp areas, the mean high water line is generally obscured by the vegetation and will
ordinarily be located.’"

(b) See also U.S. Coast Survey (1865), App. 22; p. 205; 1891, App. 16; p. 609, 633-34.
(c) The U.S. Coast and Geodetic Survey (1928) instructed:

"43. The high-water line.-The high-water line shall be drawn with sufficient strength to make it clea"
distinguishable. The identification of the high-water line on marsh is usually difficult. The outer edge of a typi
marsh is vertical and is sometimes covered at high-water, but for use on navigational charts its vertical
should be indicated as the high-water line. The inner edge of the marsh (the limit of submergence at high
when clearly detrmed may be drawn by a line distinetiy lighter than the high-water line .... "             ,

(d) The U. S. Coast and Geodetic Survey (1963:42) explains: "The mean high-water line in ma~
mangrove, cypress, or similar swamp areas is generally obscured by vegetation and will not ordinarily be lo~
on topographic surveys. In such areas, the outer edge of vegetation visible above Mean High Water,
represented by a fine line on the topographic survey, presents a fairly definite shoreline ....

12 Carpenter vs. coity of Santa Monica, 63 Cal.App.2d 772, 787-788 (1944); ~’Tty of Los AngelesV~_.
demon, 206 Cal. 662, 667 (1929) Civil Code § 1014; O’Neill vs. State Highway Dept., 235 A.2d 1,
1967). The federal rule appears to ignore at least some artificial changes County of St. Clair vs. Lovingstor
U.S. (23 Wall.) 46, 68 (1874), but it may be rare that the Federal rule applies in California. Or.
Land Bd. vs. Corvallis Sand & G., 97 S.Ct. 482 (1977).

13 Dolphin Lane Assoc. vs. Town of Southampton, 372 N.Y.S. 2d 52, 53-54 (1977).
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:lases for this authority. Sections 9 and 1O of the Rivers and Harbors Act of 189914 essentially
prohibit the building of any "dam," "dike," "obstruction," or "other structures" within the "navi-

j able waters of the United States" without the approval of the Corps. Similarly section 404 of the
ederal Water Pollution Control Act as amended in October 1972 (FWPCA)15 charges the Corps

~¢ith regulating the discharge of dredged or fill material into "navigable waters."
The meanings of the term "navigable waters of the United States" and the simpler term "na-

Vigable waters," then, are critical to the jurisdiction of the Corps. Originally separate regulations
,et’ming these terms were adopted by the Corps for the Rivers and Harbors Act and for the

FWPCA.16 These regulations were revised and integrated effective 19 July 1977 and codified in

ii~ifle 33, Code of Federal Regulations, sections 320 et seq.17 There are two definitions for pur-
Eoses of the Rivers and Harbors Act. If lands are used, or have been used, or may be susceptible to
~se to transport interstate or foreign commerce, they are "navigable waters of the United States."
Secondly the term includes all lands subject to the ebb and flow of the tide shoreward on the

l acific Coast to the line of mean higher high water (MHHW).18 Significantly, "an area will remain
avigable in law,’ even though no longer Covered with water, whenever a change in condition has

occurred suddenly, or was caused by artificial forces intended to produce that change.’’19 Thus in

~anikedor f’filed marshes, one must determine the "former" line of MHHW.
For purposes of the FWPCA, the regulations define "navigable waters" much more broadly
they define "navigable waters of the United States" for the Rivers and Harbors Act. The

~/PCA regulation subsumes "navigable waters of the United States" since it includes both the
Bsusceptibility" and the MHHW definitions, but it additionally includes all marshes, swamps and
I~similar areas," among other features.~ o

An additional regulation giving a much more detailed det’mition of the term "navigable wa-

lerS of the United States" is set forth in section 329.1 et seq. of Title 33 of the Code of Federal
gul.ations. This section, which gives numerous examples intended to illustrate the term, applies

to jurisdiction asserted under both the Rivers and Harbors Act and the FWPCA. It also includes

i~he interpretation that lands formerly subject to the tides but which have been excluded from tided
Betion by dikes or other man-made works are still "navigable waters of the United States.’’21
~m The complexities of determining, for example, whether the Corps has jurisdiction under

Rivers and Harbors Act over a tract of reclaimed marsh are apparent. If the marsh cannot be said
have been "susceptible of use for commercial navigation," then it must be determined whether
its natural state it lay above or below the MHHW elevation. Determining elevations within a

problems enough (see also National Ocean Survey !975). But, as discussed
when it has been walled off from the tides many factors can further complicate determining

14 33 U.S.C. § 401 et seq.

15 33 U.S.C. § 1251 etseqo

16 These regulations, now superseded, were codified at 33 C.F.R. § 209.120(d) (1), together with 33
§ 209.120(d)(1), together with 33 C.F.R. § 209.260 et seq. (regulations for the Rivers and Harbors Act),

~ C.F.IL § 209.120(d)(2) (regulations for the FWPCA),

17 8e~ 42 Fed. Reg. 37122 et seq. (July 19, 1977).

8 33 C.F.R. § § 321.2 and 322.2.

.9 33 C.F.R. § 329.13.

33 C.F.R. § 323.2 (b), and (c).

33 C.F.R. § 329.13.
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former elevations of the marsh. There is evidence that when drained and allowed to dry, the marsh
soil compacts so that its elevation is lowered. When reflooded it may not "sponge" back or ex-
pand, its elevation remaining the same (excluding future deposition).~2 The problem would be
compounded by any f’tlling or excavating done after the diking.

The validity of these regulations is the subject of a decision that was handed down 11 May
1978, by the United States Court of Appeals for the Ninth Circuit.~ 3 In that decision the Court
wrote:

We hold that in tidal areas, navigable waters of the United States, as used in the
Rivers and Harbors Act, extend to all places covered by the ebb and flow of the tide to
the mean high water (MHW) mark in its unobstructed, natural state. Accordingly, we
reverse the district court’s decision insofar as it found that the Corps’s jurisdiction
under the Rivers and Harbors Act includes ali areas within the former line of MHHW in
its unobstructed, natural state ....

We therefore hold that the Corps’s jurisdiction under the FWPCA extends at least
to waters which are no longer subject to tidal inundation because of Leslie’s dikes
without regard to the location of historic tidal water lines in their unobstructed, na-
tural state. We express no opinion on the outer limits to which the Corps’s jurisdiction
under the FWPCA might extend. (578 F.2d at 753, 756.)

As with the Corps, two California state agencies charged with regulating coastal development
also have their jurisdiction defined by reference to tidal datum planes. The older of the two agen-
cies, the San Francisco Bay Conservation and Development Commission (BCDC), is charged with
planning for and regulating development as well as conservation of San Francisco Bay. The
commission’s jurisdiction includes

(a) San Francisco Bay, being all areas that are subject to tidal action from the
south end of the bay to the Golden Gate (Point Bonita-Point Lobos) and to the Sac-
ramento River line (a line between Stake Point and Simmons Point, extended north-
easterly to the mouth of Marshall Cut), including all sloughs, and specifically, the
marshlands lying between mean high tide and five feet above mean sea level; tidelands
(land lying between mean high tide and mean low tide); and submerged lands (land ly-
ing below low tide).

(c) Salt ponds consisting of all areas which have been diked off from the bay and
have been used during the three years immediately preceding the effective data of the
amendment of this section during the 1969 Regular Session of the Legislature for the
solar evaporation of bay water in the course of salt production. (Gov. Code section
66610).

The regional and statewide coastal commissions created by passage of Proposition
1972 were supplanted last year when the legislature passed the California Coastal Act,
created a new statewide California Coastal Commission and six regional commissions. The
thority and duties of these bodies are similar to that of BCDC, but their jurisdictions
to the areas of California’s coastline other than San Francisco Bay; BCDC’s existence
altered by passage of the Coastal Act. The jurisdiction of these agencies is the "coastal
which is also defined in section 30103 of the Public Resources Code by reference to the l

22 Deposition of Claire Lopez, Chief Engineer for the Leslie Salt Co. from 1938 to 1964,
23-26, 1973, in Sierra Club etal. vs. Leslie Salt Co., etat, United States District Court for the Northern I
of California, No. 72-561, and State of California vs. County of San Mateo et al., San Marco
144257, pp. 112, 278-280.

~ Leslie Salt Co. vs. Froelhke, 578 F2d 742 (9th Cir. 1978).
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AN EXAMPLE OF HISTORICAL EVIDENCE:
UPPER NEWPORT BAY, CALIFORNIA

Given the foregoing, it is clear that the engineer or scientist must frequently resort to what-
ever historical evidence exists respecting the character of a marsh. Even when such historical
evidence exists, however, it may generate more confusion than it disperses. Although examples

I within San Francisco Bay are not lacking, these situations are presently the subject of litigation
’ and may be inappropriate to discuss. The problem of the character of three islands (Upper, Middle
’and Shellmaker; Fig. 2) of tidal marsh in Upper Newport Bay, however, provides an example

~n**~ / D,~,4/~ /d?6’0 - . "~. 1-~7,,-~-~ ,."7~’~Z.~,

NE~VPO RT ENTILANC E

LOS ANGELES (’OI’N’rY
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! t~IDD~LE ISLAND

/

2. Nautical chart of Newport Bay, California, published in 1878 by the U.S. Coast and
Survey.
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~omparable to cases within San Francisco Bay. (The reader should bear in mind that the questio~
of the character of the islands was but one aspect of a much larger title dispute, which entaile~
complicated questions of whether the lands were in fact validly purchased from the State, regard
less of their character).

Upper Newport Bay, a tidal estuary, is part of the Newport Canyon. The canyon is th
southeastern extremity of a lowland plain which is bounded on the northwest by the San Pedr
Hills, thence sweeping inland to the coastal foothills.

The Bay is bounded by uplands, the tires to which were deraigned from rancho grants ma(
by the Mexican government (the Rancho San Joaquin and the Ranchos Santiago de Santa Ana
Upper Newport Bay and the islands lying within it were not included within the patents to t~
ranchos. During the confirmation proceedings, however, Jose Sepulveda, the ultimate patentee,
both ranchos, had claimed the Bay and an island within it. The claim was based in part on tes
mony of a witness that within the "Bolsa of San Joaquin" was a hummock, a type of islal
surrounded by marsh, that had been occupied by Sepulveda as a potrero, a place for keeping al
raising horses. (Transcript of the proceedings in case No. 406, d~ose Sepulveda, claimant vs. T,
United States, Defendants for the place named "San Joaquin" [185 SD p. 8] .)

The Ranchos San Joaquin and Santiago de Santa Aria were surveyed for the federal gore:
ment by Henry Hancock in 1857. The final approved plat of his survey does not show the islar
in question, but since they were not included within either of the rancho grants it is not expec~
that they would have been shown. His field notes, however, include a crude sketch of islands
Upper Newport Bay.

An 1875 U.S. Coast Survey chart entitled "Hydrography of Newport Bay or Santa Ana
goon and approaches, scale 1:i0,000, 1875," Register No. 1256, shows Upper, Middle and Sh
maker Islands delineated by an "apparent shoreline," an administrative surrogate for the aci
mean-high-water line and in the companion topographic map, Register No. 1392, the islands
also delineated by an apparent shoreline and marked with the symbol for swamp.

The islands show on another 1875 map, this one prepared by Los AngeIes County Surve
L. Seebold in connection with an application for Tide Land Location 37. That application c
cerned lands south of the three islands and characterized the land surveyed as a "piece of sw~
and overflowed land." The application states, however, that "... no part of the land sought t~
purchased is below low tide .... "which indicates that the land applied for was probably tidelm
But the significant matter is that Upper, Middle and Shellmaker Islands are depicted in a distin
different manner than the parcel sought to be purchased; an inference is that the islands were
different character, possibly that they were thought to be swamp and overflowed.

An 1878 map prepared by Assistant Los Angeles County Surveyor Charles T. Healey st
the approximate sites of Middle and Shellmaker Islands as the "tideland locations of C. E. Fre~
Although history has given Healey a reputation for doing his work in the field and not in the o
(as was the practice of many of his contemporaries), the map places section lines and comers’
many topographical features (including two of the islands, Middle and Shellmaker) approxim
10 chains west of their true position,z4 The map shows lots numbered 1 through 9 as Fre~
tideland locations.

The configuration of Healey’s Lot 5 resembles Shellmaker Island as it appeared on the
township plat, and Lot 7 generally resembles Middle Island as shown on the township plat.
State Lands Division has in its records an application to purchase these "tideland" lots, aw

~4 The most northeasterly island on Healey’s map is shown in a much different place than is Up
.land on Finley’s township plat, and this difference cannot be explained by Healey’s placement of settle
and comets approximately 10 chains west of theix t~ue position. This difference (there is only a sliver ore~
makes it impossible to determine whether these two islands were the same.

398

C--050303
C-050305



BRISCOE: LEGAL PROBLEMS

other Lots 1 through 9, under the name Survey Number 12. The application appears to be a copy;
the blanks are filled in and signature of C. E. French is in quotation marks. On the cover of this
application is the printed phrase "Swamp and Overflowed Lands." Between the words "overflow-
ed" and "lands" a caret adds the words "and tide."

In 1889, Solomon H. Finley completed the Federal township survey of T6S, R10W, San
Bernardino Meridian, which showed Upper, Middle and Shellmaker Islands as swamp-and.over-
flowed lands. There is some indication, however, that Finley surveyed an ordinary-low-water mark

i
instead of the ordinary-high-water mark. This is the conclusion reached by Harris E. Coutchie in a
report prepared for the Irvine Company dated August 1971 (Id. at p. 7). In addition, Finley may
have legitimately believed he was to have surveyed the ordinary-low-water mark. The official go-

I v eminent manual for surveyors in effect in 1889 was the General Land Office’s 1881 Instructions
of the Commissioner of the General Land Office to the Surveyors General of the United States
Relative to the Survey of the Public Lands and Private Land Claims. On page 33 of the manual is

i
nn erroneous instruction that swamp-and-overflowed lands bordering on navigable lakes and rivers
were to be meandered at the ordinary low-water mark.~ s Nothing in the manual, however, specifi-
cally treats of swamp lands on tidewaters. (See People vs. Ward Redwood Co., 225 Cal. App. 2d
385,390 [1964] .)

Then in 1912, Otto Von Geldern, a renowned coastal engineer, prepared a plat of survey for
the U.S. Army Corps of Engineers showing lands of the general shape of Upper, Middle and Shell-
maker Islands as swamp. There are contour lines within the swamp, and the map legend states

contours are of a "spring high tide" elevation. If true, this is evidence that portions of the
were above mean high water in 1912. (No contemporary cartographic manuals of the

have been examined.) Conceivably, however, Von Geldern may have actually mapped the
m mean high tide line.~6 If so, this would be the only historic mean-high-tide-line survey of Upper
~iNewport Bay known to us.

Fortunately for the involved parties and any judge who might have had to try to impose or-
der on this chaotic evidence, the dispute was resolved in 1975 in an out-of-court settlement.

I                          TO THE SCIENTIST AND ENGINEER

~_,When the law hears disputes relating to tidal marshes it thus has a vast need for the know-
dge of the scientist or engineer on such questions as the natural physical and biological history

¯ ~,.f marshes, how they respond to man-made changes, and the roles they play in the hydrodynamics
~ud sediment transport in the adjacent water body. The law applicable to a given problem may be

and may change, if subtly, as facts are learned or as studies yield new data. For this
to assure that he probes the appropriate questions, the scientist or engineer should demand

instructions from his client. He should ask for specific formulations of the questions he is to
and assure himself that he understands them, lest his preparation be misspent in irrelevant

inquiries. He should not tolerate an assignment, for example, simply to locate the
high water mark" of a parcel of land. He should ask the proper tidal datum to employ,

the line is to be located in the present condition, or in some former condition of the

This instruction is repeated in the next (1890) edition of the manual. But the 1890 manual added an
that lands (not specifying swamp and overflowed lands) bordering on tidelands were to be meandered

high-water mark. That the former insttuctiott is erroneous is clear. Barney vs. Keokuk, 94 U.S.

i6 See Von Geldern, The Plane of Ordinaxy High Tide, etc., 29 Pacific Municipalities 243 (June 1915),
rebuttal of D. E. Hughes, 29 Pacific Municipalities 340, 344 (August 1915).
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Ian~. By the same token he should be tolerant when the law has not caught up with knowledge,
when it has not yet developed the sophistication to ask the proper question. Experts and not law-
yers taught the Supreme Court the meaning of the tidal datum of MHW, and how that datum
might be used to locate the law’s-then-ethereal "ordinary high-water-mark." So when the law,
as it frequently does;.asks the scientist to square a circle, he should assume his duty to educate the
law, to enable it to reshape itself and make its provisions congruent with the state of krtowledge.
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THE ROLE OF MYSID SHRIMP IN THE SACRAMENTO-SAN JOAQUIN
ESTUARY AND FACTORS AFFECTING THEIR

ABUNDANCE AND DISTRIBUTION

JAMES J. ORSI AND ARTHUR C. KNUTSON, JR.
California Department of Fish and Game, 4001 North Wilson Way, Stockon, CA 95205

Six species of mysid shrimp are present in the Sacramento-San Joaquin Estu-
ary, but only one of them, Neomysis mercedis, is abundant here. It is an impor-
tant fish food in Suisun Bay and the Delta, especially for young-of-the-year
striped bass. N. mercedis feeds on phytoplankton, detritus, and zooplankton. Its
distribution is apparently determined by estuarine circulation acting on its verti-
cal migration pattern. These factors concentrate it in the zone where fresh and
salt water initially mix. Light intensity greater than 10"s lux on the bottom and
net flow velocity <0.12 m-s"x apparently limit its upstream spread. In the San
Joaquin River low populations are associated with low dissolved oxygen concen-
trations in combination with high temperatures. Fecundity appears to be a func-
tion of female length, temperature, and food supply (phytoplankton). Seasonal
fluctuations in reproduction are usually paralleled by population fluctuations.
Population differences between years appear to be a function of food supply and
habitat size.

iel Mysid or opossum shrimp are general names used for small, pelagic, crustaceanslive-bearing
onging to several genera¯ They are cosmopolitan. Some, such as Neomysis, are coastal species

that also occur in estuaries or lakes that are or were formerly connected to the ocean or an estu-

ts" Lakes Merritt in Oakland and Merced in San Francisco where N. mercedisoccurs are
¯ Other mysids are deep ocean irdlabitants. One species, Mysis relicta, occupies cold, deep,

glacier-formed lakes far from the ocean. It is believed to have been pushed out of arctic marine
~ advancing ice sheets (Picker 1959).

In the Sacramento-San Joaquin Estuary, adults of the largest species, Neornysis rayi (former-
N. franciscorum) are only 35 mm long. The young of the most abundant species, N. mercedis
awatschensis in many previous publications) are liberated from the female’s brood pouch at 2
rnm and grow to a maximum of 17 mm (Fig. 1).

SPECIES, ABUNDANCE, AND DISTRIBUTION
IN THE SACRAMENTO-SAN JOAQUIN ESTUARY

i Tattersall (1932) identified five species of mysids taken by the Albatross on a survey of San
and San Pablo bays in 1912 and 1913. In addition to Neomysis mercedis andN. rayi, he

kadiakensis, N. costata, and N. macropsis. The latter two species are now in the genus
1936).
to Tattersall, N. kadiakensis, N. rayi, and A. costata were most abundant in San

Bay and N. mercedis was most abundant in San Pablo Bay.A. macropsis was evenly dis-
throughout the two bays and was the most abundant species taken. We made short sur-

bays in July and December 1977 and caught all species except N. rayi.
~Iid not sample upstream from San Pablo Bay. However, California Department

~)1979, Pacific Division, AAAS 401

C--050306
C-050308



~̄ SAN FRANCISCO BAY

of Fish and Game (DFG) surveys in Carquinez Strait, Suisun Bay, and the Delta from 1963 t
1976 have collected only N. mercedis and A. macropsis, ofwhichN, mercedis has been by far th
more abundant. In 1977 we discovered a previously unreported species which is still unidentified
It is unusually small. Adults are only 3 to 5 nun long. So far only a few specimens of it have bee~
collected in the lower San Joaquin River from Winter Island to the mouth of the Mokelumne Rive:
and in the lower Sacramento River near Sherman Lake.

Abundance of N. mercedis in Suisun Bay and the Delta is very high compared to abundanc~
of all mysid species combined in San Francisco and San Pablo bays. Using information in Sumne:
et al. (1914) on net mesh and size, and duration and speed of tows, we estimated the number o:
mysids per cubic meter in San Francisco and San Pablo bays from the number caught per tow b)

Fig. 1. Neornysis mercedis, the opossum shrimp.

the Albatross. These estimates ranged to a maximum of 1.6 mysids’m"~ for all species eombi
We found up to 0.2 mysids-m"~ in San Pablo and North San Francisco bays in July and Decer

. i 1977. But during high spring fresh water outflows the concentration of.N. mercedis may
100-m"3 in San Pablo Bay (Painter 1966). In contrast we have found concentrations as hi:
1500 N. mercedis.m"~ in Suisun Bay and the Delta. The abundance ofN. mercedis makes
most important species in the estuary.i N. mercedis from Prince William Sound, Alaska to at least the Cafiada de la G~ranges

¯ 19 km below Pt. Conception, California (Orsi et al. unpublished ms.). Within the SacrameW
Joaquin Estuary (Fig. 2) a few specimens ofN. mercedis have been taken from around H~
Point and Angel Island (Tattersall 1932; Orsi and Knutson unpublished) and between Angel
and San Pablo Strait (Tattersall 1932). It probably occurs in the lower Napa River but no ~
sampled there for it. N. mercedis is most abundant in Suisun Bay and the western Delta (H
1969; California Fish and Game 1976). N. mercedis is also found in Montezuma Slough an
sloughs around the Suisun Marsh and is present throughout the Delta and in the Sacramen~
Water Channel to Lake Washington at Sacramento (R. Kroger pers. comm.). Water diversic
carried it into the California Aqueduct, the Delta-Mendota Canal, San Luis Reservoir, and l
other water project reservoirs.

IMPORTANCE

The low abundance of mysids in San Francisco Bay renders them unimportant :
source for fish there. However, in Suisun Bay and the Delta the great abundance of N.
and its size make it an ideal food source for many fishes. It is the most important item i
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Fig. 2. Sacramento-San Joaquin Estuary.

striped bass and it is very important to juvenile striped bass (Heubach et al.
1963; Stevens 1966a; Thomas 1967; Stevens 1979; Smith and Kato 1979). N. mercedis is also an

d of juvenile white and green sturgeon (Radtke 1966), adult American shad (Stevens
black crappie (Turner 1966a), white catfish (Turner 1966b), and young king salmon

1966). Two larger shrimp, Crangon franciscorum and Palaemon macrodactylus feed on it
1977).

FOOD HABITS

feed on phytoplankton, detritus, and other zooplankton. The only study of mysid
; habits from this estuary was done by Kost and Knight (1975) onN. mercediscollected in
Bay and the Delta. The most abundant foods were diatoms (phytoplankton) and unidentifi-

classified as detritus. Zooplankton remains were rare. The abundance.of detritus rela-
was greater in winter than in summer and increased with shrimp size. However, the

of detritus is difficult to determine. Edmondson (1957) statqs that the presence
organic material in zooplankton guts cannot be taken as proof that they have

on detritus. Phytoplartkton break down after being consumed: .an~=: the remains
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can be mistaken for detritus. Even ff such feeding occurs, detritus may be nutritionally inferi
phytoplankton, Harris (1974) -found that detritus never equaled algae in sustaining egg produ
in the eopepod, Scottolana canadensis.

Although Kost and Knight’s study suggests that N. mercedis does not feed extensivel
zooplankton in the estuary, it has been maintained on a diet of brine shrimp nauplii (Artemi
the laboratory (Simmons and_~Knight 1975). Also, W. T. Edmondson (pers. comm.) has foun
mercedis to be an effective predator in feeding experiments; and the guts of mysids he colic
from Lake Washington (Washington State) contained large quantities of copepods and cladoce
In our laboratory large N. mercedis have attacked larval striped bass and smaller N. mercedis.

EFFECTS OF ENVIRONMENTAL FACTORS

DFG biologists have studied N. mercedis since 1963 in an attempt to understand how
ronmental factors affect its distribution and abundance. Such knowledge is necessary to prc
the primary food source of young-of-the-year striped bass in the face of planned water dew
ment projects (see for example Gill et al. 1971).

Heubach (1969) found that N. mercedis was most abundant in the estuary from fresh
to 7.2 % o salinity and least abundant at salinities exceeding 18 °/°o. We have foundN, me1
to be most abundant in essentially the same area, although we would prefer to define it as fro
upper end of the salinity gradient to the downstream end of the entrapment zone (as defi~
Arthur and Ball 1979). Heubach also found reproduction to be greatest from fresh water ¯
°/oo salinity and thought reproduction was the principal factor affecting seasonal and geogr~
abundance. Heubach presented some evidence that salinity might lower reproduction and tt
plain the low abundance at high saiinities. Our data do not demonstrate such effects of salh
reproduction. Our present conception is that reproduction is indeed the principal factor af
seasonal abundance but geographical abundance is the result of tidal currents and estuarine,
tion interacting with the tidally influenced vertical migration ofN. mercedis. During all tida
more than half of the shrimp are closer to the bottom than to the surface (Heubach 1969
ever, on flood tides a larger percentage of the shrimp are in the upper half of the water
than on the ebb tides. Since surface water velocities are higher than bottom velocities
example Conomos 1979), Heubach hypothesized that flood tides carried the shrimp far
stream than ebb tides moved them back downstream. In addition, we hypothesize that
ward flowing bottom density current in and below the entrapment zone (Arthur and
hampers the downstream movement of mysids on the ebb tides.

We are not sure whether mysid populations are high in the entrapment zone merel
they are concentrated there by hydrological forces or because, in addition, conditions
somehow optimal.

Upstream from the salinity gradient, net flow velocity and light penetration limi
tion and abundance. Heubach (1969) foundN, mercedis at Isleton on the Sacramento R
Stockton on the San Joaquin River only when net velocity was less than 0.12 m.s"a
tensity on the bottom was less than 10"s lux.1 Apparently net velocity was the limiting
ing the high winter and spring flows and light became limiting during summer and faJ
did not fred N. met’cedis where flows did not reverse on the flood tide, i.e., above
found N. mercedis to become progressively less abundant in the Sacramento River as n
increased from 0.02 to 0.12 m-s"1 (California Fish and Game 1976).

High temperature and low dissolved oxygen (DO) appear to reduce mysid abun

1 10"s lux=l.9 x 10-7 ~E’rn=2-s"t assuming a mean wave length of light (3.) of 5500 ~
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San Joaquin River between Stockton and the mouth of the Mokelumne River (Heubach 1969).
During his investigation at temperatures below 18°C, dissolved oxygen (DO) concentrations as low
as 5 mg-liter"1 had no apparent effect on .abundance. However, above 18°C mean abundance at 9

t tug’liter"1 DO was 10 to 15 times greater than at 4 to 5 rag-liter"1 DO. Mysids were absent when
DO was less than 3 mg-liter"1 (Table 1).

TABLE I. MEAN DENSITY ’OF NEOMYSIS MF~RCEDIS IN RELATION TO WATER
TEMPERATURE AND DISSOLVED OXYGEN CONCENTRATION

Temp. Dissolved Oxygen (rag-liter"~)a
(°C) 9 8 7 6 5 4 3

<22 ND 122.5(4)b 44.4(7) 13.9(7) 19.4(7) 5.4(3) 0.2(3)
18-22 151.4(2) 56.9(6) 50.1(23) 54.1(6) 15.3(3) 11.4(3) ND
14-18 13.2(8) 28.7(9) 22.5(7) 21.5(4) 43.0(2) ND ND
< 14 6.2(19) 9.0(12) 10.5(5) 7.3(2) ND ND ND

a Dissolved oxygen conversion factors: 1 mg-liter"1 = 1 ppm = 62.5 ~g-atoms-liter-1

b (n) = number of samples

Heubach (1969 and 1972) suggested that temperatures above 22°C might harmN, mercedis
and that such high temperatures could have been responsible for the population declines he
observed in summer 1966 and fall 1965. Hair (1971) established an upper lethal temperature
between 24.2 and 25.5°C for N. mercedis in laboratory experiments. Wilson (1951) obtained
~imilar tolerance for the same species. Alternately, Heubach’s (1969) results show that the mean
density at temperatures in excess of 22°C at 8 mg-liter"a DO was 122.5 individuals’m"3. This
density is very high and is twice as great as occured between 18 and 22°C at the same DO (Table
1). It is almost as high as the mean density he reports at 18 to 22°C and 9 tug’liter"1 DO (151.4
individuals-m"3. Unfortunately, Heubach did not report how far above 22°C these temperatures
rose. Our field collections show that moderate populations sometimes existed where daytime
temperatures were as high as 25.6°C (Table 2). Hence, we conclude that if DO remains high (8 or 9
rag.liter-I) N. rnercedis are not eliminated at temperatures deemed as lethal in the laboratory, al-
~ough those temperatures undoubtedly exceed the optimal temperature range.
~1~: The State and Federal pumping plants in the south Delta (Fig. 2) remove large volumes of
Water from the Delta for irrigation and domestic purposes. These plants draw water from the
heramento River near Walnut Grove, across the Delta, down Old and Middle Rivers, and into the
g~lifomia Aqueduct and the Delta-Mendota Canal. This pumping sometimes causes the lower San

flow upstream toward the pumping plants.
We have been unable to completely evaluate the effects of these water diversions on the

ofN. mercedis because our surveys began in 1968, the same year the Federal Govern-
.increased water exports for the San Luis Project, a~d the State Water Project began opera-

caused water export rates to rise sharply above previous levels. Consequently, our anal-
restricted to the period of high exports, during which we have not found any relation be-

population and water diversion rates. However, export pumping does affect salinity in-
and in turn the location of the entrapment zone.

pumping probably also reduces mysid abundance in the central Delta, especially in
cross-Delta water transport channels. Abundance ofN. mercedis in the San Joa-

91d and Middle rivers is lower than abundance either up or downstream
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TABLE 2. SUMMER ABUNDANCE OF NEOMYSIS MERCEDIS
(INDIVIDUALS-m"3) AND TEMPERATURE IN THE SAN

JOAQUIN RIVER NEAR STOCKTON, 1972-77

Year              May                June                 July          August
I         II         I         II          I         II         I

1972 46(17.8)a 70(21.1)57(25.6) 38(23.6) 9(24.4) 7(26.1) 4(24.4)
1973 42(19.2) 41(22.8) 12(23.9) 34(25.0) 14(25.8) 2(25.0) 2(22.8)
1974 6(20.0) 8(21.1) 44(22.2) 36(23.4) 37(23.4) 8(25.0) 1(25.6)
1975 88(17.0) 8(19.7) 3(22.2) 24(20.8) 0.6(22.5) 26(24.7) 1(25.6)
1976 4(19.4) 12(21.6) 33(20.6) 72(21.4) 12(23.6) 2(26.1) 0.4(23.6)
1977 14(16.6) 20(19.2) 17(23.4) 20(24.4) 4(25.0) 2(25.8) 0.3(25.6)

a Water temperature in °C

from these river mouths. This suggests that mysids are drawn up the San Joaquin River from their
center of abundance in the western Delta and into Old River, but few manage to reach Middle
River. Abundance rises again upstream from the mouth of Middle River as water in the Stockton
area of the San Joaquin River tends to remain almost stationary during the summer and early fail,
and mysids there propagate until high temperature and low DO affect them.

Reproduction appears to depend upon several factors. From data collected in 1976 we
developed a multiple regression equation that predicted seasonal fluctuations in fecundity during
1977 quite well (Orsi unpublished ms.). The equation indicates that fecundity increases as female
size and food supply (measured by chlorophyll a) increase and water temperature decreases. The
fecundity variations contribute to seasonal increases and decreases in abundance of N. mercedis,
such as Heubach (1969) reported for 1965 and 1966.

The abundance of N. mercedis also varies annually. Heubach (1969) noted that the
abundance in 1965 was about 2.8 times greater than in 1966. Similarly, Hopkins
that the peak N. americana density in the Delaware River was four times greater in
1957. Neither Heubach nor Hopkins could explain these differences.

To explain annum variations in mean July to October abundance ofN. mercedis
when it is most important to young-of-the-year striped bass) in Suisun Bay and the Delta, we
developed a multiple regression equation which uses mean chlorophyll a throughout the
either Delta outflow or salinity at Chipps Island as independent variables. Mysid abundance
positively correlated with chlorophyll a and Delta outflow, and negatively correlated
During high outflows mysids in concentrations >0.1 individuals.m3 were distributed
larger area of the estuary than during low outflows. Hence, the regression equation can be
preted to mean that annual variations in mysid abundance are a function of habitat size
supply. The unusually low abundance in 1976 and 1977 (Knutson and Orsi
be explained by the reduced habitat and low phytoplankton populations in those years.
nance ofN. mercedis populations at 1968-1975 levels appears to require sufficient Delta~
to keep the habitat large and phytoplankton populations high.
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NATURAL AND ANTHROPOGENIC INFLUENCES ON BENTHIC
COMMUNITY STRUCTURE IN SAN FRANCISCO BAY

FREDERIC H. NICHOLS
U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Data collected in the San Francisco Bay estuary over the last 65 years show
that numbers of maerofaunal species are greatest in the marine environment of
the central region near San Francisco, decreasing toward the north and south.
This distribution has traditionally been attributed to differences in absolute val-
ues of salinity and sediment texture. Recent studies of both the benthos and the
physicochemical environment near the substrate suggest that species distribution
is more related to temporal variation in salinity and to intermittent disturbance
of bottom sediments by storm-generated and seasonal wind waves and by the
seasonally alternating high and low river inflow. Physical disturbance of the sub-
strate apparently contributes to a state of non-equilibrinm in the benthic com-
munity especially in the shallow reaches: the community, dominated by colo-
nizers, reflects an early stage of species succession. Some of the most successful
species under these conditions are those introduced from other estuaries.

Maximum values of total benthic biomass, in contrast to numbers of species,
are found in South Bay, probably reflecting reduced salinity variability, some-
what greater stability of subtidal sediments, and the large quantities of potential
food (high sewage-waste loadings, high concentrations of suspended particulate
matter, and moderate to high standing stock of primary producers) resulting
from shallow depth and the absence of strong water circulation. High biomass
can also be attributed to the successful establishment of several large and abun-
dant introduced species that thrive in South Bay.

Although once apparent as a reduction of numbers of species, the effect of
waste disposal on the benthos is now often masked by natural perturbations
resulting from biotic and abiotic disturbances of surfieial sediments and by in-
homogeneous distribution of the animals. Anthropogenicinfluences on benthic
community structure other than that resulting from the introduction of exotic
species will become increasingly difficult to quantify and therefore to predict.
Future changes in the biota may be expected with continued reduction in fresh
water flow into the estuary.

During most of the past 5,000 years the San Francisco Bay estuary contained a plentiful
of fish and shellfish. Massive shell middens formerly found around the Bay indicated that

people consumed large quantities of mollusks, particularly the native oyster Ostrea luN-
bent-nosed clam Macoma nasuta, and the bay mussel Mytilus edulis (Nelson 1909). Evi-

if the rapid decline of shellfish resources soon after the arrival of the white man is equally
(see reviews by Skinner 1962; Jones and Stokes Assoc. Inc. 1977). The beginning of this
is not documented, but it was certainly observed some time before 1900 (Sumner et al.

1963; Nelson 1909). One of the tasks of the first major scientific investigation of
Bay, the Albatross expedition of 1912-13, was to study causes of the decline in

productivity. Although nothing concerning this decline was resolved by the Fmdings of that
a widely held view at the time (Skinner 1962) was that waste discharge into tile Bay

T cause.
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,~ Most commercial fishing has either declined or ceased during the past 75 years, largely be-
cause of overfishing and pollution damage (Skinner 1962; Smith and Kate 1979). More recently,
Public Health officials have condenmed commercial operations because of tainting by toxic sub-
stances. During the past two decades considerable effort has been expended to define the nature of
past changes in the biotic community and to relate these changes to specific causes. Largely be-
cause the Albatross expedition reports concerned benthic invertebrates, and because these general-
ly sessile organisms cannot escape deleterious environmental changes, recent studies of the biota of
the Bay have concentrated on this group of organisms (Nichols 1973).

Variation in species composition of the macrobenthos has been used for a number of years
to indicate environmental change. Such variation is usually seen as (1) the disappearance of ap-
parently sensitive species near waste outfalls, and (2) the appearance of other apparently tolerant
species in these stressed environments either through natural migration of local opportunistic spe-
cies or through accidental introduction of species from other regions.

The decline in number of species near waste outfalls was so marked in the 1950’s (Filice
1959) that the application of species diversity as a tool for assessing environmental impact became
a standard procedure. But in light of the improved treatment of wastes now entering the Bay,
there is some concern that we may not detect the effects on the benthos of continued waste dis-
posal even though these effects may be deleterious. Natural variations in community structure
caused by a complex interaction of physical, chemical, and biological processes probably mask
much of the variation caused by man.

I summarize, in this chapter, the patterns of the distribution of macroben.thic organisms in
San Francisco Bay and discuss what is known of both natural and anthropogenic influences that
help maintain or alter benthic community structure. It is not my intent to review the results of the
large number of recent studies undertaken to assess the effect of, for example, individual waste
outfalls on the benthic community but rather to describe the character of the influences on the
benthic community and to show how our studies of these influences must be increasingly sophisti-
cated if we are to distinguish and measure them.

PATTERNS IN THE DISTRIBUTION OF BENTHIC ANIMALS

The participants of the Albatross expedition (Sumner et al. 1914) noted that benthic com-
munity composition varied spatially within the Bay largely in relation to the salinity regime. Pa~
kard (1918a, b) pointed out that the salinity gradient, especially in the vicinity of Carquinez
(Fig. 1), had a strong effect on molluscan species distributions. Eastward of the strait a
fresh water fauna existed, whereas in the central regions, a marine fauna containing many of!
species found on the central California coast was noted. Packard realized that
texture markedly affected local distributions of individual species. These same patterns were
by Filice (1954a, b, 1958, 1959) and Painter (1966) in San Pablo and Suisun bays.
tots pointed out an inability to distinguish between the influences of water depth and
type, since coarse-grained sediments were usually found at the greatest depths.

In a baywide study made during the early 1960’s, Storrs et al. (1969)showed
of species varied greatly within the Bay. They described a relation between species
both salinity and sediment texture through regression analysis:

Diversity = a (chlorosity) + b (% sand) + c.

Their data revealed that diversity was low at the northern and southern parts of the
creasing toward the Golden Gate (Storrs et al. 1969, Fig. 2). Higher diversity near San
reflected the presence of marine species in sediment influenced by the high-salinity water
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S,~CRmENTO
SAN

¯ A

POINT                  STRAIT                                                  RIVER
PABLO

¯ BRtDGE

¯19

O 20 KILOMETERS

I SAN

PALO l

/ Fig. 1. Bentkic sampling locations; for clarity, numerical designations of only first and last
ations of cross-bay transects are shown. Side-scan sonar track (A-A’) near station 8 (see page 416

and Fig. 6) shown as heavy line. The 10-m isobath outlines main shipping channels.

Golden Gate at depth. Away from the marine influence, diversity of benthic species at any site
to reflect the local sediment regime (intertidal muds, subtidal muds, subtidal sand, shell
and the degree to which the site was subject to low-salinity conditions.

The descriptions of benthic-organism distribution in the earlier studies were based on sam-
collected nonsynoptically from different areas. It is therefore possible that there is confusion

~ these data between spatial and temporal influences on community structure. To define baywide
of benthic community structure and to develop a reference collection of macro-

this same scale, we collected benthic samples synoptically at 43 stations throughout ’San
Bay (Fig. 1) in February and August 1973 with a 0.1-m2 van Veen sampler and washed

on a 1.0-ram mesh screen. The data obtained from these samples are being used to map the
of species (F. Nichols and J. Thompson unpublished data). In this review only total

and combined wet weight of the mollusk, crustacean, and polychaete species retained on
.0-nun screen are considered.

of species found at each station cont~n-m earlier studies in the presence of marine spe-
the Golden Gate and estuarine and brackish-water species toward the north and south.

greatest numbers of species were found in the vicinity of the Golden Gate with the excep-
locations: station 21 just outside the Golden Gate in a zone of high water turbulence
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NUMBER OF SPECIES

* I-5
GOLDEN o 6 - I0

GATE 0 I I - 15
o 0 16-20

o C) 26-50
51-40

,oO0o

N

0 I0 km

Fig. 2. Total number of benthic macrofauna species collected during February and Augus
1973 in replicate 0.1-m~ samples and retained on 1.0-ram sieve.

and sediment movement (7 species), and station 24, a shallow-water location of very soft mudd
sediments (9 species) (Fig. 2). Toward the south, the number of species was somewhat reduce
from that in the central region, and toward the Sacramento River to the northeast, number ofsp
cies at the stations sampled were very small (e.g. as few as two macrofaunal species in all samp!
at station 3).                                                                       ~

The distribution of specimens among species in the central region was more or less even;
most stations only several individuals of each species were found in each sample. This distributi,
contrasts markedly with that found in the northern and southern reaches of the estuary, whe"
especially in the shallow subtidal or intertidal habitats, many tens and even hundreds of
of several small species were collected (notably the dam Gemma gemma, the
mflleri, the polychaetes Streblospio benedicti, Heteromastus filiforrnis, and Asychis
oligochaetes).

The distribution of biomass (Fig. 3, 4) differed substantially from that of species
Of the 15 stations with highest mean biomass, all but three were located in South Bay.
tions ranked 1st, 6th, and 1 lth in total biomass were located in Central Bay. One
minated at those stations ranked 1 through 5. The sand dollar Dendraster excenl
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TOTAL -BIOMASS
(wel weighL g/OJ m

GOLOEN ~ < I
GATE o I - 5

O o O 6 -I0
o 0 11-15

0 16-200
0 21-30

51-40

I , ,{
0 I0 km PALO

Fig. 3. Total biomass (g, wet weight) of benthic macrofauna, mean of replicate 0.1-m2 sam-
in February and August 1973.

99% of the mean (two seasons combined) wet weight of 537 g-0.1 m2 at station 20 on
sand bar outside the Golden Gate. The Japanese cockle Tapes japonica predominated at the

J 2 through 4 (stations 35, 28, and 30), representing 68, 87, and 34% of total bio-
respectively (seasons combined). The Japanese mussel Musculus senhousia was dominant
of total biomass) at the fifth ranked station 40. The remaining stations with high biomass

showed a more even distribution of biomass among species, although the largest fraction
by several mollusk species: those bivalves listed here as well asMacoma baIthica,

clamMya arenaria, the very small but abundant Gemmagemma, and the gastropod
obsoletus (Nichols 1977). The dominance of mollusks as primary consumers in some
habitats has been noted by Burke and Mann (1974). A notable exception to the patteln

r mollusks is the occurrence in large numbers of the large tube-dwelling polychaete
in the muddy subtidal regions of South Bay above the Dumbarton Bridge and in

; in the vicinity of station 23.
exception of stations 10 and 11 in San Pablo Bay, total biomass in the northern re-

!low (less than 5 g wet weight per 0.1-m2 sample), and above Carquinez Strait total biomass
among a very few species such as the bivalvesMacoma balthica andMya arenatia, the
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c) 20

6 15 2t 24 ~2 37
PiTTSBURG G~DE N GATE PALO ALTO

STATION NUMBER

Fi~. 4. Total number o[ bent~c macro/euna species (A) ~d mean biom~ss (~, wet
seasons comb~ed) as dist~but~d alon~ ma~ axis of Bay. ~ of obse~a~ons shown for
bay transects (see Fig. 1). Actu~ biomass values shown where scale was greatly exceeded.

~p~pods Corophium spp., ~e polychaete Neanthes succinea, ~d numerous ofigochaetes.

NATURAL INFLUENCES ON BENTHIC SPECIES COMPOSITION

Common bent~c s~p~g techniques (e.g. replicate s~p~g at specific locations) ~e
si~ed to ex~ne variation associated with spati~ dist~bution ~d s~p~ng error (e.g. Jo
1961) in a physic~y predictable en~ro~ent. We no~y ~s~e that such tec~ques w~
low us to detect man’s ~pact on a natural system if we measure a sufficient number of par~e
on a rout~e basis. However, natur~ ~sturb~ces of the Bay bottom, especi~y ~ose that arc
ter~ttent bo~ ~ ~tensiW ~d t~e of occurrence, tend to accentuate nonpredictable fluc
tions ~ spati~ ~d tempor~ patterns of benthic community st~cture that cannot be interpr,
from rout~e s~pHng data. Recent stu~es of the physic~ ~d che~c~ en~ronment of the
bottom of ~e Bay demonztrate ~e prom~ence of inte~ittent ~sturb~ces.

S~ V~ations

The large number of species ~ the re,on ne~ ~e Golden Gate reflects ~ oce~ic influ
m~y of these species are found on ~e outer C~for~a coast ~ ~gh-s~iW water. Away
~e oce~ic ~fluence, species n~bers dec~e. The reduction of species number and the ch
~ species composition wit~ the estua~ have been att~buted ~ ne~ly ~1 past repots ~
creas~g s~niW with ~st~ce l~dward from ~e Golden Gate. Such a pattern is typi~ of
~es with low river inflow ~d associated stable s~ity gradient: a gradu~ and predictable s]
species composition from stenoh~e ~d eu~h~e ma~e species ~rough euchre op
nists ~d estua~e ende~cs to fresh-water species (see Boesch 1977). A si~lar pattern
reduction of the species number up estu~ is found ~ those estuaries with ~ river ~fl~
strong season~ va~ations ~ sali~ty. But it is ~e annu~ r~ge of s~ty at ~y location.
~ absolute s~ity, that dete~nes the gener~ character of the faun~ assemblage (~sre~
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for the moment depth, sediment, ~and current regime influences). Peterson et al. (1975b)have
shown that in San Francisco Bay, for example, there can be large seasonal and annual variations in
water chemistry parameters at a given location, resulting directly or indirectly from variations in
river runoff. During wet winters, the water east of the western entrance to Carquinez Strait.can be
fresh; during summer of dry years salt water can be found well up into the Sacramento River
(Conomos 1979). The authors of the F~rstAlbatross expedition report (Sumner et al. 1914) point-

[: led °at the p°ssible significance of seasonal variations in temperature and especially salinity (Sum.¯ ner et .al. 1914, Figs. C and N) in determining faunal distributions. Salinity variations during the

’~nard atPn°rthe southernt° the samplingend of SouthdescribedBay here(Fig.Were5), especially marked, for example, in San Pablo Bay

40

~2o

Io

PITTSBURG 15 21 Z4 32 57GOLDEN GATE PALO ALTO
STATION NUMBER

Fig. 5. Seasonal range of temperature (A) and salinity (B) between August 1972 and August
data from U. S. Geological Survey.

The eastward (up estuary) limit of the distribution of estuarine organisms is undoubtedly de-
by the extent of salt water encroachment along the bottom. The position of maximum

varies from year to year, depending on river runoff. In regions of the most extreme
fluctuations (e.g. where fresh and salt water alternately impinge on the bottom), ma-

.populations of estuarine organisms cannot become established, although young animals be-
~ established there on a repeated, if shortlived, basis. The relation between salinity variations

of species reported for two British estuaries (Alexander et al. 1935, Fig. 30) is per-
species numbers declined in a landward direction with increasing tidal and salinity

but increased again toward the fresh water source where salinity variation was small. A
in numbers of species was not noted at the landward end of our sampled region,

because we did not sample in the zone of predominantly fresh water. The data of Sieg-
Knight (1976, Table 8) from farther upstream, however, suggest such an increase of spe-

of small brackish and fresh-water crustaceans and oligochaetes.
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Sediment Instability

Just as temporal salinity variations apparently play a major role in determining patterns in
species distributions, geographic and temporal variations in sediment texture and, especially, sedi-
ment instability may represent the strongest of the abiotic influences on the general makeup (rela-
tive abundance among species) of the benthic community in many parts of the Bay. Packard
(1918a), Filice (1958), Painter (1966), and Storrs et al. (1969), among others, have assumed that
sediment texture (grain size) at any location is a static property of the bottom to which the orga-
nisms become accustomed. Recent studies are showing the dynamic nature of bottom sediments:
seasonal variations in sediment transport into San Francisco Bay from rivers and streams (Krone
1966, 1979; Conomos and Peterson 1977) result in changing patterns of deposition, erosion, and
sediment grain-size distribution. We have seen, in benthic samples collected in the northern reach
of the estuary, alternating thin layers of sand and mud that probably reflect this seasonality. Simi-
lar observations were made by Gilbert (1917:93) on samples collected during the 1912-13 Alba-
tross expedition.

Very recent studies using side-scan sonar techniques revealed that in the deeper regions Bay
sediments are not homogeneous even in regions of uniform depth. In San Pablo Bay, for instance,
large sand waves whose crests lie normal to the axis of the estuary are prominent in the channels,
whereas alternating ridges and troughs parallel to the axis are found adjacent to the main channel
(Fig. 6). The ridges are composed of f’mer-grained compacted muds and the troughs contain coar-
ser-grained sediments in sand waves whose crests, like those in the main channel, lie normal to the
axis of the troughs. In central San Francisco Bay, especially in the region between station 22 and
the Golden Gate, sand waves with much greater amplitude are the major bottom feature. More-
over, these sand waves are highly dynamic: their direction has been observed to reverse within a
tidal cycle (Rubin and McCulloch 1979). Such high-energy environments represent unique habitats
suitable only to those species that, attracted to the salinity/grain size regime found there, can
firmly attach themselves in deep subsurface sediments such as the sea pen Stylatula elongata or
the jackknife clam Solen sp., or are highly mobile such as large glycerid polychaetes and some tel-
linid clams. These organisms feed primarily on the surface sediments or the suspended material
carried along near the bottom by tidal currents.                                         ~

Intermittent instability of surficial sediments on the broad intertidal and shallow subtidal
mudflats that are prominent features of San Francisco Bay, particularly in South and San
bays, may contribute significantly to a state of non.equilibrium in the benthic communities
there. Physical disturbances of mudflats resulting from the combined action of tides and
mittent storm-generated and seasonal wind waves are apparent from our continuing
of mudflat elevation near Palo Alto (Nichols 1977). As an extreme example, mudflat elevation
lowered by 9 cm during a one-month period in the summer of 1974, probably in
scouring action of wind waves. Baywide, sediment deposition and erosion are
depending on geographic location and depth and relation to tidal and estuarine circulation
(Conomos and Peterson 1977).

Several workers (e.g. Grant 1965; Mills 1967) have alluded to the fact that benthic
nities are subject to, and strongly influenced by, periodic natural disturbances, but the
of such disturbances has Only recently been shown experimentally. McCall (1977), in a
periment.al field study, implanted plastic containers of defaunated sediment (natural
from which living animals had been eliminated) at two sites in Long Island Sound. He
several species classified as opportunists (characterized by small size, rapid development, r
productions per year, high recruitment, and high death rate) quickly inhabited the
mud in great numbers. It took several months before other, larger "equilibrium"
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!

I
Fig. G. Side-scan sonar record from eross-~hannel transect in San Pablo Bay (Fig. l), from A

left) to A’ (lower ~4ght). Major features ~e h~ge sand waves in shipping ~hannel, alte~nat~g
(compact mud?) and trouts (sm~ s~d waves) just south of the chapel and ~elatively

(mud) ~ sh~ower water south of channel at lower ~ght.

~emselves ~ the expefiment~ cont~ers, ~d nearly a year passed before the comm~i-
¯ e cont~e~s was s~ar to that nearby. McC~’s po~t is ~at a dis~rb~ce of ~e seafloor,

turbulence caused by sto~s, strong fid~ cu~ents, ~d w~d waves, w~ ~es~t ~ mot-
of ~e resident pop~ations, be~s a ma~ked faun~ ch~ge ~rou~ a well-deFined succession
cies.
It ~ not clear that the assemblage of orga~sms found in ~e hi~-ener~ en~ro~ent of cen-

Bay represents an early succession stage ~ a ~turbed habitat ~ ~e sense of
(1977) ~d ~oads et ~. (1978). ~e fauna have some attributes of ~ stages of succession

to equilibria), depend~g on ~e precise location wi~ ~s ~ea of s~d waves
polychaete Oweni~ ~sifo~is Hves adja~nt to the longer-Hved, deposit-feed~g

califomiensis). The fact ~at ~e disturb~ce is cont~uous here probably means ~at
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the community is in a quasi-equilibrium state much like that in the high-energy subtidal regions
outer coast sandy beaches.

The character of the benthic fauna of the shallower parts of San Francisco, on the othe
hand, suggests that a continuous state of opportunism exists, preventing the attainment of an equ
librium community. Two of the three opportunists in McCall’s (1977) Long Island Sound stud
site are dominant on the mudflats of San Francisco Bay: Streblospio benedicti and Ampelis~
milleri (perhaps the same as A. abdita, J. Carlton pets. comm.). That these species, together wi~
the clam Gemma gemma, occur in widely fluctuating but usually large numbers throughout fl
year on South Bay mudflats (Nichols 1977) is strong evidence that the habitat is continua]
disturbed.

Biotic Disturbances

In addition to physical processes that result in instability of the sediment surface, intern"
tent biotic disturbances can contribute substantially to the unpredictability of the bottom. For
ing by bottom.feeding predators (among them, fish, sharks, rays), for example, can result in a ~
turbance of bottom communities that, though minor on an areal basis relative to the effects of c
rent scouring, is important in regions of intense foraging. The extent to which fish disturb
bottom has not been quantitatively examined (see Stanley 1971), but excavation activities
large animals such as rays can leave a marked trace in sediments (Howard et al. 1977) and may,
troy entire benthic communities (Fager 1964). The bat ray Myliobatis californieus, commo~
San Francisco Bay, especially in South Bay in summer (Aplin 1967), is probably responsible
the many depressions (clearly not the work of human clam diggers) seen in intertidal mudfla~
low tide in the South Bay (similar to those shown in Howard et al. 1977, Fig. 2). Moreover, ~
feeding activities are sufficient to prevent the growth of mature (harvestable) populations of h
tidal mollusks such as the soft-shelled clam Mya arenaria (Bonnet 1932). Nothing was know
the activities of rays below the intertidal zone before a side-scan sonar survey of central San F
cisco Bay (D. Rubin pers. comm.), made in October (1976) at .the end of the season of gre:
bat-ray abundance (Aplin 1967), revealed many depressions (Fig. 7) in the bottom near S(
ampton Shoals adjacent to station 18 (Fig. 1). These depressions, about 1-5 m in diamete~
about 0.5 m in depth, are similar in size to bat-ray excavations seen in Tomales Bay (S. Obr,
pers. comm.). The close spacing of the depressions (Fig. 7) gives an indication of the rather
plete disturbance of the sediment to a depth of at least 0.5 m. A side-scan sonar survey of the
area in December of the same year showed no trace of the earlier depressions, thereby sugg~
that the feeding depressions filled rapidly.

Foraging by the mud snailNassarius obsoletus and shorebirds in the intertidal zone do,
result in the obvious physical destruction of the sediment surface as in bat-ray excavation. ~
feet of snail-foraging activity can be, however, a diminishing of food resources potentially
to other organisms (Mills 1967), and shorebird feeding can result in the removal of a subs
fraction of the organisms living in the sediment (Wolff 1976).

Intermittent blooms of benthic macroalgae can lead to the development of anaerobi
ditions at the sediment surface and the subsequent death of the organisms in the sediment (I
and Abbott 1972). Such an occurrence was noted at our long-term study site on a South Ba5
tidal mudflat (Nichols 1977) during August 1975: a dense mat ofPolysiphonia sp. was trans
to the shoreward end of our study 9ransect and, in the process of decay, killed all of the
faunal organisms. Although the algal mat had disappeared by the time of our next samplin~
ly October, animals did not begin to reappear on the surface until November, and the hi,
aerobic sludge left from the bloom remained in sub-surface sediments until well past No~
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!            I
¯50m

Fi~. 7. Side-sc~ so~ar ~ecord o~ bottom ~ear st~t~o~ tg (F~. t) showLn~ depressions that
a~e probably bat-r~y feedin~ e~cavations. Photograph courtesy of D. ~. RubLn.

The first species to appear were the amphipod Grandidierella japonica and the polychaete CapiteIla
capitata, not normally the dominant species. The normally occurring species Ampelisca milleri and
Streblospio benedicti began to reappear ,in more normal abundances in January, but it was not
until the following spring that the normally dominant bivalve Gemrna gemma returned. Macoma
balthica had not yet returned to its earlier abundances more than two years later. Whether the

conditions of 1975 to 1977, accentuating the effects of waste discharge into a hydro-
graphieally sluggish environment, contributed to these events cannot be determined. But the long-

of the single event of algal bloom and decay was marked¯
Some benthic organisms, by actively or passively binding sediment particles into discrete

tubes, change the character and stability and therein the suitability of the sediment surface
other organisms (see Woodin 1976). Wizen tubes occur in dense beds, such as those of the deep

polychaete Asychis elongata in the soft subtidal mud of the shoals off Berkeley near sta-
23 and throughout the region between the Oakland Bay and Dumbarton Bridges, the sedi-
is stabilized, thereby greatly reducing the effects of erosion by tidal currents and wave ac-
There is sedimentological evidence that Asychis beds are located in regions of net sediment

Hammond pets. comm.).
The presence of surficial tubes can also lead to instability of the sediment surface. The for-

of tube mats by settling specimens of the amphipod Ampelisca in intertidal and shallow
mud begins a sequence of events whereby the texture of the sediment surface is altered

1967). Eventually, the base of the tube mat begins to disintegrate, making the sediment sur-
susceptible to erosion. Any physical disturbance of the sediment can result in a washout

tube mats and the associated sediments and organisms. The new sediment surface is then
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exposed to recolonization.

ANOMALOUS PATTERNS IN SPECIES DISTRIBUTIONS

We might assume that the combined stresses of chemical and physical factors are applie
somewhat evenly within regions of the Bay. Our sampling, however, has revealed considerable he
terogeneity in benthic community makeup within small areas and great differences between adja
cent areas. The juxtaposition of high and low values of biomass in South Bay, for example, is evi
dence of an inhomogeneous distribution of benthic animals. If benthic productivity in shallow wa
ter is directly coupled with the availability of food resources in the water column (Wolff 1977)
then we might expect a large benthic community in regions where suspended particle concentra.
tions are high. The major source of particulate material in San Francisco Bay is river inflow, pri.
marily that of the Sacramento/San Joaquin River system (Conomos and Peterson 1977). The spa.
tial distribution of suspended sediment (Conomos et al. 1979, Fig. 7A) reflects two regions of hig~
concentration: the upper part of the estuary ’near Suisun Bay in the null zone, where particles ac
cumulate in response to estuarine circulation (see Peterson et al. 1975a) and at the southern en,
of South Bay, the broad shallow region where tidal and wind-wave action cause nearly continuoc
resuspension of bottom sediments.

For some of the same reasons, the biomass of phytoplankton (estimated roughly by fluore
cence measurements, Fig. 8) shows a similar distribution (see Cloern 1979). In general, the Suist
Bay maximum reflects the longer residence time in the null zone and where nutrients are plentifi
and the South Bay maximum reflects the sluggish hydrographic regime and high nutrient conce
trations in a shallow area. One might conclude, then, that greatest benthic biomass should
found in the Suisun Bay region to the north and in the South Bay near Palo Alto (Fig. 8), wh~
suspended sediment and associated bacteria, algae, and small invertebrates are concentrated.
stead, we fred quite low values of biomass in the northern reach and high values interspersed w
low values throughout Central and South bays (Fig. 3). The low values to the north can be
plained by the marked seasonal variations in salinity and sediment stability. Adult populations
the larger equilibrium species are not permitted time to become established. The generally b

Fig. 8. Distribution of phytoplankton biomass, as fluorescence, at 1 to 2-m dept]
collected at near monthly intercal~ between 1971 and 1976.
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biomass values, especially in the southernmost part of South Bay, may reflect moderate- to high-
water-colunm productivity as inferred from the phytoplankton standing stock (Fig. 8) and high
concentration of benthic diatoms on the sediment surface (Nichols 1977).

The °ccurrence °f highest recorded biomass at station 20 (Fig. 3) in a region of low sus.
pended-particle concentration (Fig. 8; Conomos et al. 1979, Fig. 7A) is a reflection of the numeri-cal dominance of the sand dollar, Dendraster excentn’cus. In densely packed beds this animal can
orient itself in a nearly vertical position in the sand and feed on particulate material
swift moving bottom currents that pass through the Go!den Gate. Here -the rate of supplyCarried bYof an
appropriate food seems to be the critical factor.

That benthic macrofauna biomass is not consistently high throughout South Bay is evidence
that water colunm and sediment-surface primary productivity are not so!ely responsible for secon-

~ ~ dary benthic pr°ductivity- Examination of the species found at those stations with highest biomassprovides the most marked evidence of man’s influence on the benthic community structure of San
Francisco Bay. Throughout the Bay, with the exception of the central region, high values of bio-
mass reflect the occurrence of one or two introduced mollusk species, espeeial!y the Japanese coc-
kle Tapes faponica and the 3apanese mussel Musculus senhousia. The other introduced mollusks,
Gemma gemma, Mya arenaria, and Nassarius obsoletus, contribute substantially to the biomass
intertidal stations (Fig. 6; Nichols 1977). These species thrive in South Bay, in large patches at at
some places (see Appendix I, ~Iones and Stokes Assoc. Inc. 1977), apparently in response to local
hydrodynamic and sedimentologic regimes. A major but as yet unresolved question is whether
these introduced species exploited an open niche or displaced native counterparts. Research is now
underway to resolve at least part of this question (Carlton 1979).

THE OBSCURE NATURE OF OTHER ANTHROPOGENIC INFLUENCES

As mentioned at the outset, concern about the effects of waste discharge was first raised at
the end of the 19th century, primarily in response to declining fisheries. But it was not until the
1950’s, when Filice (1959) conducted Ms study of the benthos of the San Pablo Bay area, that
evidence of the detrimental effects of wastes on the biota was obtained (see the reviews of this and
other more recent studies in Nichols 1973, Risebrough et al. 1978). Efforts to quantify such
effects in more recent sfudies have been mostly unsuccessful. In a study of baywide species diversi-

IIY (Storrs et al. 1969), lower than predicted values
!imity to waste discharge. A followup study (Daniel of diversity apparently were attributed to prox-

and Chadwick 1971) produced similar l~mdings.0th of these studies have come under question (Nichols 1973; Risebrough et al. 1978), however,
of methodological and analytical problems.

Although the discharge of wastes has undoubtedly altered the distribution and abundance of

in San Francisco Bay, we have no quantitative evidence of the extent of such altera-
and marked improvement in waste treatment practices since the original Filice study has, in
made the detection of such alterations difficult. Modern sewage treatment facilities with

.rates of dilution, and future consolidation of these facilities, mean that discharged materials
diffused throughout the entire system in relatively low concentration. The result is that

sffects on the biota will be subtle and may be very difficult to separate from varia-from the many natural influences (seasonal and annual variations in river runoff,
patterns, food supply, sediment erosion and deposition, and species interactions).

deposition of vast amounts of sediment in the Bay as a result of the hydraulic mining
in the past century (Gilbert 1917) and the recent filling of the margins and the dredgingchannels have greatly influenced the nature of bottom sediments and bathymetry. These

also resulted in at least the short-term alteration or destruction of the benthos in the areas
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af~cted. The deposition of mining debris .over large areas of the Bay, moreover, may have resulted
in long-term or permanent changes as well. But there are no data with which to verify this suppo-
sition.

The most notable anthropogenic influence on the benthic environment is the establishment
of species accidentally or intentionally introduced from other estuaries. These introductions are
not necessarily detrimental to, and in fact may contribute to, a balanced ecosystem in San Fran-
cisco Bay, although it can no longer be considered a natural or native community. One of the most
successful of the species introductions (besides the striped bassMorone saxatilis; see Stevens 1979)
has been that of Tapes japonica, the object of an increasing sport fishery (Jones and Stokes Assoc.
1977). The introduction of exotic species continues (see Carlton 1979), and present community
structure may change, therefore, as new introduced species become established and spread.

Another, more subtle, influence may be critical in the determination of benthic community
structure: the biological response to an ever-diminishing supply of fresh water from the Sacramen-
to]San Joaquin River system (see Gill et al. 1971). Fresh-water input not only maintains an inter-
mediate salinity regime that is necessary for the successful growth and reproduction of commercial
and noncommercial species, but also provides essential vitamins and plant nutrients (Copeland
1966). There is evidence that decreased river flow can greatly modify estuafine ecology by increas-
ing parasitism of oysters, reducing shrimp and crab catches, increasing up-estuary fouling and des-
truction by boring organisms, and generally decreasing estuarine productivity (Copeland 1966).
is not known how the diversion of fresh water away from the San Francisco Bay estuafine systen-
has already influenced the biology of the Bay (Goldman 1971). Declines in major commercial fish
cries have been documented (e.g. Dungeness crab, salmon, and oysters, Skinner 1962; Smith ant
Kato 1979). But, whether these declines are related to reduced river inflow (with concomitant re
duced rate of flushing, higher water residence time, increased loads of toxic substances and thu:
increased exposure to these substances) remains to be resolved.

FUTURE RESEARCH NEEDS

If anthropogenic influences on the benthos of San Francisco Bay are to be distinguishe~
from n~tural influences and quantified, future research programs should focus on several distinc
problems.

Natural Chemical, Geological, and Biological Processes

Permanent stations should be established in representative habitats around the Bay for lon
term measurement of natural chemical, geological, and biological events and processes. Such lot
term studies, recommended by a National Science Foundation panel (National Science Found
tion, Committee on Long-Term Ecological Measurement 1977), provide needed information
the limits of natural variations in benthic community structure and help determine whether rn~
sured changes represent long-term cycles or unidirectional trends. Few benthic community dz
exist from San Francisco Bay with which we can detect either the nature or limits of cha~
(Nichols 1973). Needed long-term measurements include, in addition to normal biological sa

pling and studies of life histories of key species, routine physical and chemical monitoring of b..c
the water column and sediments at each location carried out with frequency and spatial cove~
sufficient to permit distinction between short-term, localized effects and long-term patter

Introduced Species

The introduction and expansion of introduced species populations should be
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eventually controlled. Many of the introduced species have been remarkably successful in exploit-
ing the Bay environment. We must be aware of, and control, the spread of potential.ly harmful spe-
cies such as fish and shellfish parasites and predators and fouling and boring organisms. We know
little of possible harmful effects of the massive introductions that have occurred.

Impact of Large, Modem Waste-Disposal Systems
Modem waste treatment has largely e!imAnated the occasion of overt kfl!s of organisms and

the bacterial tainting of economically important game species. Peterson (1979) has shown that
plant nutrient components of domestic waste (nitrogen and phosphorous compounds) do not
reach problem levels in San Francisco Bay. Presumably, the critical materials (other than, possibly,
viruses) are the various heavy metals and synthetic organic compounds in industrial wastes and in
urban runoff (Risebrough et al. 1978). Because of high dilution factors and the resulting subtlety
of effects on natural communities, on!y careful field and laboratory research programs will allow
us to see and quantify these effects. Normal field sampling programs in which species distributions
and abundances are mapped in space and time are useful in characterizing the cumulative effect of
natural and anthropogenic influences. These programs can be augmented by relating concentra-
tions of toxicants in individual organisms to sedimentologic and hydrologic processes (e.g. Luoma
and Cain 1979). Luoma’s data suggest that sampling for toxicants be closely timed to major inter-
mittent hydrologic events, especially that of winter runoff, when toxicants are washed from the
drainage area into Bay waters. Such studies, howeyer, provide little direct evidence of cause for~

biotic changes. The needed research/monitoring programs include, in addition to routine samp!ing
of organisms and toxicants, utilization of experiments in which natural variability is controlled or
eliminated. Such programs could include transplantation experiments designed to test the toxicity
tolerance of animals found in potentially polluted areas (Luoma 1977). Additional studies could
involve the establishment of experimental colonies of ecologically important Bay organisms within
and outside the waste field of sewage outfalls (see for example Filice 1954a) for measuring the up-
take of toxic substances by these organisms as well as the determination of the effects on biologi-
cal processes (alteration of normal rates of reproduction, growth, and mortality). Using existing
methodology initial experiments ~ould be conducted with, for example, the musselMytilus edulis
(e.g. Freeman 1974). Long range programs should include surveys of planktonic as well as benthic
species, fish as well as invertebrates. Although these field experiments are logistically more diffi-
cult to carry out than typical laboratory bioassay programs, results are more appropriate to the
waste-discharge management decision-making process.

Effect of Decreased Fresh Water Input

We must determine whether reduced river flow from the Sacramento/San Joaquin River sys-
(increased salinity, decreased estuarine circulation and flushing, and increased exposure to

als) will adversely affect species such as striped bass, Dungeness crab, clams and mus-
and the bay shrimp (see Goldman 1971). The influences on these species could be direct (ef-
of changing salinity or circulation patterns on these key species) or indirect (effects of chang-

or circulation on the habitats, food or predators of these species). Such information is
for long-term planning of the water resources of San Francisco Bay.
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INTRODUCED INVERTEBRATES OF SAN FRANCISCO BAY

JAMES T. C~RLTON
Department of Biology, Woods Hole’Oceanographic Institution, Woods Hole, MA 02543

Almost I00 species of exotic marine invertebrates have been introduced into
San Francisco Bay by man in the past 130 or more years. Primary mechanisms
of introduction include transport of fouling, boring, and ballast-dwelling orga-
nisms by ships and epizoic and nestling invertebrates by commercial oysters.
With the resolution of taxonomic problems and adequate exploration, many
more introduced species may eventually be recognized from the Bay.

The impact of this exotic fauna can be assessed in economic terms (pestifer-
ous species, including shipworms and other borers) and in geologic terms (an in-
troduced boring isopod has modified extensive portions of the bay shoreline by
weakening clay and mud banks). The greatest effect, however, may be biological
and ecological: the establishment of an introduced fauna as numerical and bio-
mass dominants in many regions of the Bay, as revealed in both short- and long-
term quantitative and. qualitative studies. The modern-day significance of intro-
duced species in fouling, benthic, and mudflat ecosystems in portions of San
Francisco Bay raises questions as to the role of invertebrates prior to the mid-
19th century both in the organic matter budget of the Bay-Estuary system and
in the support of large native shorebird populations.

Man’s extensive modifications of the Bay and concomitant creation of novel
environmental conditions, the absence of a diverse native estuarine fauna, and
competitive displacement have all played roles in the successful establishment of
this impressively large and diverse introduced fauna.

In 1857, William Stimpson wrote that, "The Bay of San Francisco... is nearly barren of ani-
mal life except at its entrance." Such is no longer the case. Of all the faunal modifications that
have occurred in San Francisco Bay in the past 130 years, perhaps none has been more profound

the successful establishment of a large number of introduced invertebrates, transported
by man t:.%the Bay since the mid-19th century, from the western and southwestern

and the Atlantic oceans. Unfortunately, the historical record of these introductions is
an anecdotal one, attention having been focused upon a few of the larger, more eonspi-
or troublesome exotic species. Perhaps two-thirds of all known species of introduced

on the Pacific coast also occur in San Francisco Bay. The Bay may thus provide a
for the study of the biology of introduced faunas on the Pacific coast. Criteria for the

of introduced species are considered in detail by Carlton (1978). These criteria include
based upon paleontology, archeology, recent history, systematies, distributional ecology,

and biogeography ....

MECHANISMS OF INTRODUCTION

major mechanisms, and several of lesser importance, are responsible for the transport of
species into San Francisco Bay. These are (1) the introduction by ships of fouling, boring,

organisms, and (2) the introduction of epizoic and nestling invertebrates on
commercial oysters imported from the western Atlantic and the western Pacific oceans.
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SHIPPING

There may have been some incidental ship introductions prior to the mid-19th century, but
hard data are scanty. We know, for example, that in the fall of 1595, the ship San Ag-usffn, four
months out of Manila in the Philippines, and -doubtless with a fouling and/or boring fauna on her
wooden hull, sank in Drake’s Bay (Fig. 1) near the entrance to San Francisco Bay (Wagner 1924;
Heizer 1941). From the late 18th century until the mid-19th century, a few fur and hide ships,
traveling between the Atlantic, western South America and the western and southwestern Pacific,
operated along the California (and northwest American) coast, occasionally visiting San Francisco
Bay. As Ewan (1955) has noted, "These vessels were the source of introduction of many orga-
nisms, some injurious: insects, weeds, and rodents," and there is no reason to suspect that these
ships did not also carry fouling and boring faunas as well.

BELVEDERE ’
LAKE MF.RRITT

GATE

GULF OF

THE FARALLONES

BRIDGE
C~TY

PALO
ALTO

Fig. 1. The San Francisco Bay.

It was not, however, until the California Gold Rush of 1849 and subsequent years
shipping apparently became an important mechanism for the
into the Bay. Indeed, there are no records of introduced species in San Francisco Bay prior
Gold Rush years, but perhaps only because there is no biological record of the fauna of
prior to the mid-19th century. From 1849 on, however, ships from many ports around the
not only from both sides of the Atlantic, but also from China (Williams I930),
Zealand (Monaghan 1966) and Chile and Peru (Monaghan 1973), arrived
In the years 1849 and 1850, almost 48,000 persons, mostly gold seekers, arrived by ship
port of San Francisco (Farwell 1891). By the early 1850’s, passage from New York
around Cape Horn to San Francisco Bay could be accomplished in 3 to 4 months ~
The ability of boring and fouling species to survive this journey from New England to
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I twice through tropical waters, appears certain: the transport of living ship-bottombioticassembla-
ges across comparable distances and temperature changes has been well documented (Pilsbry 1896;
Chilton 1911; Hentschel 1923; Orton 1930; Bertelsen and Ussing 1936; Bishop 1951; Allen 1953;

I Skerman 1960). Indeed, many of the species concerned are overwhelmingly tolerant to euryhaline
and eurythermal conditions. According to Rydell, more clipper ships passed through the Golden
Gate in 1853 than in any other year of the Gold Rush; "on several occasions, three clippers stood

i. irt through the Golden Gate within twenty-four hours, and on two others, five arrived within forty-
eight hours" (Rydell 1952:138). Coincidentally, the first record of an introduced species in San
Francisco Bay is also 1853: the Atlantic barnacle, Balanus improvisus (Carlton and Zullo 1969).

An opportunity for both multiple and massive inoculations of exotic species occurred almost

i simultaneously: not only were hundreds of ships arriving within a period of a few years, compared
to the few arrivals prior to the Gold Rush, but equal numbers were being abandoned in the Bay as
ship’s crews left for the gold fields. In 1851, for example, more than 800 ships were at anchor or

i abandoned in Yerba Buena Cove in San Francisco (see Kemble 1957, for a series of contemporary
~photographs). Early introductions, besides Balanus improvisus, were likely hydroids (such as the
Atlantic Tubularia crocea, present in the Bay by at least the late 1850’s), polychaetes (especially

I tubieulous species), eheflostome and etenostome bryozoans, gammarid amphipods of the genera
dassa, Podocerus, Stenothoe, and Corophium, tunicates, and wood-boring organisms such as the
’gribble (isopod) Limnoria spp.. The anemone Metridiurn senile and the mussel Mytilus edulis were

_~doubtless common components of this fouling fauna; while the former may have been and the
I!atter was aboriginally present in the San Francisco Bay area, Atlantic stocks of both species were
Ilintroduced and mixed with native populations. Indeed, it may be that morphometric analyses of

fossil and archeologieal Mytilus edulis from the Bay region would reveal differences from present

l ay local populations.
With the completion of the Transcontinental Railroad in 1869, shipping from the Atlantic

declined, but increased again with the opening of the Panama Canal in 1914, although the fresh-
.l~vater barrier of the canal now likely changed the composition of ship’s fouling faunas which
!~}mcessfully entered the Pacific Ocean. The last quarter of the 19th century saw considerable mari-
~!~ane activity in San Francisco Bay, the grain-trade figuring particularly prominently. In the peak

year of the trade, 1880-1881, grain exports nearly equalled the mean annual exports for all dry
from San Francisco during the period 1925 to 1940 (Kemble 1957). The early decline of

sailing ships, the greatly increased efficacy of antifouling paints, and the increased speeds
ocean-going vessels may have led to a decrease in the transport of boring and fouling organisms.

ship-borne introductions appear to continue, and a few species of western or south-
Pacific crustaceans recently noted in the Bay may be examples of present-day intro-

e.g., the isopods Dynoides dentisinus and Ianiropsis serricaudis and the amphipod
sp. (E. Iverson and J. Chapman, pets. comm.).

Infaunal, semi-terrestrial, or relatively errant marine invertebrates may also be transported
through water ballast (tak~mg up and later discharging larvae or adults of benthic species),

ballast (taking up and discharging invertebrates among stones, rocks, and dried algal masses
from beaches and used as ballast), and fouled sea-water systems.

The discharge of ship ballast in San Francisco Bay appears to have led to the introduction of
two exotic maritime (semi-terrestrial) invertebrates. The Chilean or New Zealand shore-

amphipod), Orchestia chiliensis, redescribed as O. enigmatica from San Francisco
and Carlton 1967) may have been transported to San Francisco Bay in either

ballast or round beach gravel. Beach gravel and debris are known to have been taken up for
for example, at Chilean ports and discharged in such areas as the Oakland Estuary in San

Bay, adjacent to Lake Merritt, in Oakland, where the only known California population
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of~his beachhopper exists. It is also probable that ballast has played a role in the introduction of
the maritime earwig, Anisolabis matitima (Dermaptera), to the shores of San Francisco Bay, where
the only established populations of this species in California, and perhaps on the Pacific coast, are
known (see records in Langston 1974; Langston and PoweI1 1975; Langston and Miller 1977).

Newman (1963) has suggested that fouled sea-water systems were responsible for the acci-
dental introduction of the western Pacific shrimp Palaemon rnacrodactylus into San Francisco
Bay. This species was first found in the Bay in 1957, and Newman has compiled evidence that the
introduction itself may have been about 1954. The synchrony of this introduction with the greatly
increased military and cargo traffic between California and Japan and Korea immediately prior to
1954, associated with the Korean War, is striking. Despite the long history of ship traffic between
both sides of the north Pacific Ocean, this appears to be a further example that intensified periods
of shipping (also associated with the Gold Rush activity) are often concomitant with or immediate-
ly precede introductions. Similarly, the Australasian serpulid polychaete, Mercierella enigmatica,
first appeared in San Francisco Bay about 1920, following increased world-wide shipping associat-
ed with the second decade of the 20th century.1

Commercial Oyster Industries

Of equal or greater importance in the introduction of exotic invertebrates hi,re been the
commercial oyster industries. A single oyster shell may have upon it representatives of 10 or more
invertebrate phyla, comprising dozens of species, and these numbers can be greatly increased when
oysters are packed together for shipment with associated clumps of mud and algae, and with wate~
pockets in empty valves used for cultch. Elton (1958) remarked that "...the greatest agency ol
all that spreads marine animals to new quarters of the world must be the business of oyster cul
ture...". San Francisco Bay provides a thorough documentation of this. Beginning with the corn
pletion of the Transcontinental Railroad in 1869, hundreds of carloads of the Eastern (or Virginia
oyster, Crassostrea virginica, were transported to San Francisco Bay (and elsewhere on the Pacifi,
Coast) from the Atlantic coast of the United States (Barrett 1963). Early shipments were heavil:
fouled, if one may judge from the introductions resulting from them, and little attempt was mad
to prevent the transport of the associated oyster bed fauna, although the relatively late appearanc
of the oyster drill, Urosalpinx cinema, about 1890, suggests that some attention may have bee
given to deterring the introduction of potential pests. Throughout the latter half of the 19th eoJ
tury oysters were continually shipped from the east coast and planted throughout the Bay, pr0~,
mg extensive opportunity for the inoculation into the Bay of many common northwestern Atla:
tic bay and estuarine invertebrates. More than 100 years would pass before some of
tions were to be recognized (such as the maldanid polychaete, Asychis elongata; see Light 1[

Shortly after the turn of the century, the Atlantic oyster industry as a large
in San Francisco Bay faded away for a variety of reasons, pollution appearing to be one ofi
But the oysters had left a permanent legacy: many of the associated oyster
in vast numbers. Portions of the shallow bay waters are today carpeted almost solely withi
introduced with Atlantic oysters. Among the mollusks, for example, are the ribbed
dium demissum ( = Modiolus demissus), the soft-shell clam, Mya arenaHa, the gem clam,:
gemrna, and the mudsnail, Ilyanassa obsoleta ( = Nassarius obsoletus).

In the early 20th century, oyster farmers on this coast turned their attention to the l
(or Pacific) oyster, Crassostrea gigas, an endeavor which largely involves bays and

I Miller (1968), along similar lines, noted the apparent introduction by naval ships
eerceis sculpta from San Diego Bay to Hilt Harbor and Pearl Harbor, Hawaii, during World War II.
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I ’ north or south of San Francisco Bay (Barrett 1963). Throughout the 1930’s plantings of Japanese

oysters were made in San Francisco Bay, and these may have led to the introduction of a number
of Japanese estuarine invertebrates. Two Japanese mollusks now abundant in the Bay, the rock-

i cockle, Tapes japonica, and the small musselMusculus senhousia, were first collected in 1946, the
date being perhaps more of an artifact associated with lack of intensive collecting in the Bay dur-
ing the Second World War, rather than a dose approximation of the date of introduction.

Other Mechanisms

Additional means of transport of foreign marine invertebrates into San Francisco Bay are

t known, but few established introductions have been traced to these.
A comparatively new mechanism appears to be algae (such as Ascophyllum nodosum and

Fucus spp. received in shipments of Atlantic lobsters from New England by local restauranteurs

i and discarded into the Bay. Although the extent of this activity is probably limited, discarded
algae have apparently served as the vehicle for the introduction of the Atlantic periwinkle Litto-
rina littorea into the Bay since the late 1960’s (Carlton 1969; Miller 1969). Adult Littorina
littorea, now found nestled in rock crevices in several locations along the Bay’s eastern shoreline,

l: may provide a unique opportunity to observe the establishment, population increase, and dispersal
of an introduced species in San Francisco Bay shortly after its introduction. Miller (1969) has
listed additional species which are transported with algae shipped with lobsters.

Many exotic estuarine and fresh-water fishes have been introduced into the San Francisco
Bay-Delta region 0Vloyle 1976a, b) by means of tank cars, and water associated with these intro-
ductions (Throckmorton 1874) may well have carried a wide variety of small planktonic or even
benthic species. Little is known, however, of the establishment of any exotic species by this means,
probably due to the limited knowledge, taxonomically and biogeographically, of candidate species
’which may have been transported by this means .(such as protozoans, copepods, and rotifers).
Hazel (1966), however, has suggested that the presence of the eastern American freshwater poly-

Manayunla’a speciosa, in the Sacramento-San Joaquin River Delta and in Oregon may be
to the transport of water associated with catfish introductions from the northeastern United

States, including catfish and water directly from the type locality elM. speciosa in Pennsylvania.

THE INTRODUCED FAUNA

The result of 130 or more years of introductions has been the establishment in San Francis-
Bay of about 96 species of exotic marine invertebrates (Table 1)2. The introduced .fauna is

restricted to the shallow estuarine rim of the Bay, and proportionately fewer introduced
are to be found as one approaches the Golden Gate. Somewhat more than half of the intro-

fauna is composed of mollusks and crustaceans (21 and 32%, respectively). Polychaetes
about 15% of the fauna, and coelenterates about 14%. The introduced fauna is largely

in origin (66%), four times the number originating from the western Pacific (17%).3 Five
of the Bay’s exotic fauna derives from Australasia and Southeast Asia; 14% is of multiple

origin, and one species is from Chile.
The exact number of species introduced with each mechanism is difficult to determine be-
of extensive overlap in habitats of many species: that is, a number of species may have been

2 In discussions and tabulations, taxa indicated by "spp." in Table 1 are counted as two. The number of
species is taken as 96, excluding Littorina littorea and Sabellaria spinulosa, which are questionably

Includes species coded in Table I as A or A?; O or O?.
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TABLE 1 INTRODUCED INVERTEBRATES OF SAN FRANCISCO BAY:
A PRELIMINARY LIST (DATA FROM CARLTON, 1978 AND FROM

NUMBERED REFERENCES, AS INDICATED.)

Key: Status: e?, establishment (presence of reproducing populations) uncertain
t?, specific taxonomy uncertain

Origin: O, Orient (Western Pacific: Japan and Korea)

AA, Australasia (Australia and New Zealand)
SE, Southeast Asia
A, Atlantic Ocean
E, Europe (Northeastern Atlantic Ocean)

Mechanism: a, discarded algae
o, commercial oysters
s, shipping

PORIFERA (1) ANNELIDA (continued)
Haliclona sp. (A, o, t?) Marphysa sanguinea (A?, o)
Mierociona prolifera (A, o) Boccardia ligerica (E?, s?) (8)
Haliehondria bowerbanki (A, o) Polydora ligni (A, o) (8)
Prosuberites sp. (A, o, t?) Polydora spp. (A, o/s, t?)
Tetilla sp. (A, o, t?) Pseudopolydora kempi (O, o) (8)

Pseudopolydora paucibranehiata (O,o) (8)
COELENTERATA Streblospio benedieti (A, o) (8)

Hydrozoa Capitella eapitata (A?, o]s, t?)
Garveia franciscana (A/AA, o/s) (2) Heteromastus filiformis (A,o)
Clara leptostyla (A,o/s) Asychis elongata (A, o) (9)
Cordylophora lacustris (A, o/s) (3) Sabellaria spinulosa (A?, s?, e?)
Turritopsis nutricula (A, o/s) Mercierella enigmatica (AA, s)
Syneoryne mirabilis (A,
Corymorpha sp. (A?, o?/s?, t?) MOLLUSCA (10)
Tubularia erocea (A, o/s) Gastropoda
Obelia spp. (A/AA/O, o/s,t?) Littorina littorea (A, a, e?)

Anthozoa Crepidula convexa (A, o)
Diadumene franc~scana (O?/AA?, s?) (4) Crepidula plana (A, o)
Diadumene leucolena (A, o/s) (4) Urosalpinx cinerea (A, o)
Diadumene sp. (E?, s?, t?) Busycotypus canaliculatus (A, o?)
Haliplanella luciae (A,O, o/s) (4) Hyanassa obsoleta (A, o)

Ovatella myosotis (A, s?/o)
PLATYHELMINTHES Ten eIlia pallida (E?, s?) (1 1)

Turbellaria Eubranchus misakiensis (O, s?) (12)
-Childia groenlandica (A, o) (5) Okenia plana (o, s?) (11)

Trematoda Trinchesia sp. (O, s?) (13)
Austrobilharzia variglandis (A, o, Odostomia bisuturalis (A, o)

with llyanassa) (6) Bivalvia
Parvatrema borealis (A, o, with Muxculus senhousia (0, o)

Gemma and Neanthes) (7) Ischadium demissum (A, o)
Gemma gemma (A, o)

ANNELIDA: POLYCttAETA Tapes ]aponica (0, o)
Neanthes succinea (A, o) Petricola pholadiformis (A, o?)
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TABLE 1. (CONTINUED)

ii MOLLUSCA (continued)
ARTHROPODA (continued)"Mya arenaria (A, o)

Limnoria quadripunctata (A?, s) (23)Teredo navalis (A?, s)
Limnoria tripunetata (A?, s) (23)i Lyrodus pedicellatus (A?, s)
Dynoides dentiMnus (O, o/s)!/i Sphaeroma quoyanum (AA, s) (24, 25)ARTHROPODA: CRUSTACEA Iais californica (AA, s, withOstracoda

Sphaeroma quoyanum) (25)SarMella zostericola (A, o) (14) Ianiropsis serricaudis (O, o/s)

" !

Copepoda
CheliferaMytilicola orientalis (O, o) (15)

Tanais sp. (O?, o/s, t?)Cirripedia (I 6)                             Decapoda

i
Balanus improvisus (A, o/s) (17)

Palaemon macrodactylus (O, s) (26)Balanus anphitrite amphitrite (AA, s)
Rhithropanopeus harrisii (A, o?) (27)Amphipoda

Ampithoe valida (A, o).
ARTHROPODA: INSECTAAmpelisca abdita (A, o)

Dermaptera
Chelura terebrans,(A, s) (18)

Anisolabi~ maritima (Ag, s) (28)Corophium acheruMcum (A, o/s) (19) "
Corophium insidiosum (A, o/s) (19)        ENTROPROCTA

I Corophium uenoi (0, o/s)
BarentMa benedeni (E, o/s) (29)Corophium sp. (SE, s) (20)

Grandidierella japonica (O, o) (21)
ECTOPROCTAMelita nitida (A, o) (20)

Alcyonidium sp. (A, o/s, t?)Jassa falcata (A, o/s, t?)
Victorella pavida (A/O, o/s). Podocerus brasiliensis (A, o/s, t?)
Bugula spp. (A/AA/O, o/s, t?)Parapleustes sp. (O?/AA?, o/s, t?) (20)
Conopeum spp. (A, o/s, t?)

iI

Stenothoe valida (A, o/s)
Schizoporella unicornis (A/O, o/s)Orcheatia chiliemis (AA/C, s) (22)

Caprella acanthogaster (O, o/s)
CHORDATA: TUNICATACaprella spp. (A?, o/s, t?)

Ciona intestinalis (A, o/s)Isopoda "
Molgula manhattenMs (A, o/s)Synidotea laticauda (O?/AA?, s?)            Styela clara (O, s) (30)

SPECIES REFERENCES

(1) Hartman, 1975; (2) Vervoort, 1963; (3) Hand and Gwilliam,1951 ; (4) Hand, 1956;
(5) Hyman, 1959; (6) Grodhaus and Keh, 1958; (7) Oglesby, 1965; (8) Light, 1977;
(9) Light, 1974; (10) Packard, 1918; Hill and Kofoid, 19~7; Hanna, 1966; Carlton,
1969; (11) Steinberg, 1963; (12) Behrens, 1971; (13) Behrens and Tuel, 1977; (14)
Kornicker, 1975; (15) Bradley and Siebert, 1978; (16) Newman, 1967; (17) Carlton
and Zuilo, 1969; (18) Barnard, 1950; (19) Shoemaker, 1949; (20)J. Chapman, 1979,
[ms. in prep.]: (21) Chapman and Dorman, 1975; (22) Bousfield and Carlton, 1967;
(23) Hill and Kofoid, 1927; Menzies, 1958; (24) Barrows, 1919; Hill and Kofoid,
.927; Higgins, 1956; (25) Rotramel, 1972; (26) Newman, 1963; (27) Jones, 1940;
28) Langston, 1974; Langston and Miller, 1977; Langston and Powell, 1975; (29)

1975; (30) Abbott and Johnson, 1972.
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~transported with either ships, or oysters, or both, and for many first recorded after 1869 we may ne
er know exactly which of these three possible cases acted as transport mechanisms. Thirty-sev(
percent of the introduced fauna appears to have been brought in with oysters, 19% with ships,4 ar
46% may have come with either or both. The relatively dose temporal proximity of the Gold Ru,
(1849 and subsequent years) with the beginning of the oyster industry (1869 and the followi~
years), coupled with the scanty knowledge of the early Bay fauna compounds these difficulti(

It is further difficult to estimate the number of introduced species that have been overloo
ed. Evidence from various sources indicates that the actual number of introduced species
acoelomate and pseudocoelomate protostomes (acoel turbellarians, nemerteans, rotifers, ner~
todes, etc.), as well as protozoans, sponges, hydroids, smaller crustaceans (including pinnothe~
crabs, amphipods, and copepods), pycnogonids, oligochaetes, polychaetes, bryozoans, and tu
cares, may be quite large. With adequate exploration and taxonomy many more introduced spec
than those now known from San Francisco Bay may be recognized. Many taxa are now or
marginally known and to discern native from exotic, or provincial from "cosmopolitan" is
cult. Confounding this situation is the fact that "cosmopolitan" taxa often reveal low degrees
taxonomic resolution, suggesting that broad distributions may, in many species, be a taxonor
artifact. The skeleton-shrimp (amphipod), Caprella equilibra, may be an excellent example: i
known from San Francisco Bay, and it has also been recorded from virtual!y every coast line
many islands of the world, from the surface to (questionably) 3000 m (McCain and Steinb
1970). Concerning polychaetes, Day (1964) has remarked that, ":..in the Polychaeta at any r
more recent work suggests that many records of cosmopolitan species are due to misidentif
tions." Hartman (1955:40) stated, in regard to the polychaete fauna of ocean basins off south
California, "some species of cosmopolitan character...differ from typical representatives in rn
distant parts of the world, in morphological characters which may have more than varieta!
trivial importance." Fauchald (1977) also remarked "how exceedingly poorly known the grou
and how few generalizations can be made on the ecology and evolution of the polychaetes,"
which, I believe, we may append on the biogeography of polyehaetes as well. Bousfield (1973:
has made similar comments regarding the "sophistication" of amphipod taxonomy. I have rern:
ed elsewhere (Carlton 1975) on problems associated with treating species as "cosmopolit~

A related taxonomic consideration further obscures the number of introduced specie~
strong historical systematic tendency, which remains today, has been either (1) to attemp:
identify newly discovered estuarine taxa (which are in reality introduced) with species alre
described from the Pacific coast, or (2) to describe them as new species. The small gammarid
phipod, Ampelisca milleri, abundant in parts of San Francisco Bay, provides an example of
first kind: this is almost certainly the eastern AmericanA. abdita. The trueAmpelisca milleri
different, native eastern Pacific species. Table 2 lists several examples of the second kind. It
be noted that more than 65 years passed before the synonymy of the isopod Sphaerorna pent6
with the Australasian S. quoyanum was accepted by west American systematists (Rotramel 19
Other exotic species are doubtless present, masking as locally-described, and thus in the mint
many biologists, native taxa. For example, the phyllodocid polychaete Eteone californica,
cribed from San Francisco Bay, may be identical with E. longa, having been perhaps introd~
with Atlantic oysters into the Bay. Not all populations that have been identified as E. califot7
however, may be identical with E. longa (such as those reported from open coast environment
from southern California). Similarly, evidence suggests that the anemone Diadumene franc.is
and the isopod Synidotea laticauda, while described from San Francisco Bay, are introd

4 Includes species coded in Table 1 as o or 0.9 s or s?
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(Carlton 1978).
The molluscan fauna is the best known invertebrate group in San Francisco Bay, and pro-

rides a detailed example of one group of introduced species. Seventy-five percent of the intro-
duced mollusks are likely from the Atlantic; about 40% were clearly here by 1901 or earlier. By
arranging the bivalves and prosobranch and pulmonate gastropods by year of discovery (early

TABLE 2. INTRODUCED SPECIES REDESCRIBED AS NEW TAXA AFTER
INTRODUCTION TO SAN FRANCISCO BAY (DATA FROM CARLTON 1978)

Introduced Species Redescribed as

COELENTERATA: HYDROZOA
Tubularia crocea (Agassiz, 1862) Parypha microcephala Agassiz, 1865

ANNELIDA: POLYCHAETA
Polydora ligni Webster, 1879 Polydora amarineola Hartman, 1936
Streblospio benedictz" Webster, 1879 Streblospio lutincola Hartman, 1936

MOLLUSCA: GASTROPODA
Ovatella myoso tis (Drapanaud, 180 i) Alexia setifer Cooper, 1872

i~
MOLLUSCA: BIVALVIA
Mya arenaria Linnaeus, 1758 Mya hemphillii Newcomb, 1875
L yrodus ped, icellatus Teredo townsendi Bartsch, 1922

(Quatrefages, 1849)
Teredo navalis Linnaeus, 1758 Teredo beachi Bartsch, 1921

~ CR~JSTACEA: OSTRACODA

~

Sarsiella zostericola Cushman, 1906 Sarsiella tricostata Jones, 1958

CRUSTACEA: ISOPODA
Sphaeroma quoyanum Sphaeroma pentodon

i Milne-Edwards, 1840 Richardson, 1904

’̄ CRUSTACEA: AMPHIPODA
~:~ Orehe~tia chilienMs Orchestia enigmatica
i~~ Milne-Edwards, 1840 Bousfield and Carlton, 1967

CRUSTACEA: CIRRIPEDIA
Balanus amphitrite amphitrite Balanus amphitrite franciscanus

Darwin, 1854 Rogers, 1949

of opisthobranchs are lacking) (Table 3s), certain temporal patterns emerge: by shortly
the turn of the century, eight species had arrived with commercial oysters from the Atlantic;

(Teredo navalis and Lyrodus pedicellatus) were discovered in the years bracketing
War I (reflecting the increased world-wide shipping throughout the second decade of the

and two Japanese mollusks were discovered within a decade of plantings of Japa-
in San Francisco Bay. Latest is the Atlantic pedwinlde, Littorina littorea, synchro-

the relatively late development of shipping algae with living Atlantic lobsters to San
Not so easily explained was the discovery, one in the late 1920’s and one in the late

Although dates in Table 3 a~e the dates of first collection, for some species a more precise timing
can be established. Thus, the soft-shell clam, Mya arenaria, was introduced within a five-year
1869 and 1874, and accumulating evidence suggests that the mud snarl, l-lyanassa obsolete, was

1904 and 1907.
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TABLE 3. INTRODUCED MOLLUSKS (BIVALVES AND PULMONATE
AND PROSOBRANCH GASTROPODS) OF SAN FRANCISCO BAY

BY DATE OF DISCOVERY (DATA FROM CARLTON 1978)

COI= Commercial oyster industry

of Discovery Species Mechanism of Introduction
and Origin

1871 Ovatella myosotis
1874 Mya arenaria
1890 Urosalpinx cinema
1893 Gemrna gemma

-COI (Atlantic)1894 Isehadium demissum
1898 Crepidula convexa
1901 Crepidula plana
1907 Ilyanassa obsoleta

1913 Teredo navalis -S HIPPING (Atlantic?)
1920 Lyrodus pedicelIatus

1927 Petricola pholadiformis
-COI? (Atlantic)

1938 Busycotypus canaliculatus

1946 Musculus senhousia --COI (Japan)
1946 Tapes japonica

1968 Littorina littorea -ALGAE (Atlantic)

two Atlantic mollusks, Petn’cola pholadiformis, a burrowing clam, and Busycotypt
a large predaceous whelk (one of the most spectacular introductions, and now

gastropod in San Francisco Bay), long after large-scale introductions of Atlantic oysters
discovel~ in 1937 of ihe Atl’artti6 mudcrab, Rhithropanopeus harrisii, in San Francis,
1940; Carlton 1978) falls between these molluscan discoveries, and it may be that

time transport of oysters occurred from a region of the Atlantic coast other than th
normally supplied stock to San Francisco Bay. Alternatively, a yet-to-be-discovered reed

than oyster transport, may have existed through which these species were introduet
example, still unexplained was the discovery in 1912 of a single, living specimen

Pacific starshell (gastropod) Guildfordia triumphans (=Astralium triumphans) in 34 m
outside of the Golden Gate in dredgings of the Albatross (Packard 1918; Hanna
synanthropic mechanism convincingly explains this occurrence.

SOCIAL, ECONOMIC, AND GEOLOGIC IMPACTS OF THE INTRODUC

pestiferous species exist among the introduced fauna. Along with the
llyanassa obsoleta, came a trematode parasite, which occasionally causes

dermatitis) in San Francisco Bay (Table I; Grodhaus and Keh 1958).
shipworms, primarily Teredo navalis, and gribbles, such as the boring isopod
affected harbor and other installations throughout the Bay for many years,

characteristic pencil-like pilings in its boring activities. The depredations of
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l shortly after its arrival about 1913 ted to the formation, in 1920, of the "San Francisco Bay
Marine Piling Committee," of the American Wood Preservers’ Association, under the leadership of
C. L. Hill and C. A. Kofoid, and to intensive studies of its biology and morphological variation.

s cu!minated in the famous "Final Report" of 1927, one of the few scholarly "environmental
act" reports ever produced on San Francisco Bay. Modem methods of anti-borer treatments

appear to have generally reduced the effects of shipworms and lirnnorias in San Francisco Bay.

J The burrowing and boring isopod Sphaeroma quoyanum, long known as S. pentodon on the
acific coast (Barrows 1919; Higgins 1956; Rotramel 1972) has had an important impact on the

shoreline topography of the Bay since its introduction by ships from Australasia probably between

t~h
e 1850’s and 1890’s. During the past 85 and more years, in several areas in north San Pablo Bay, and
ng the western and eastern shorelines of south San Francisco Bay, and in small central bay inlets

as Richardson Bay, many kilometers of shoreline have been eroded by the activities of this crus-
tacean. Sections of shoreline on the eastern shore of south San Francisco Bay just north of the San

tateo Bridge typify what may be called "sphaeroma topography": here, portions of the shore are
aped by the activities of this borer, which by weakening the clay banks, facilitates the removal of

the banks by wave action. Sphaeroma quoyanum has also affected levees and dikes around the Bay,
~nd in recent years this has been brought to public notice. The OaMand Tribune of 21 March
~976 reported one estimate that S. quoyanum could remove up to 30 ft of dike in one year! Un-
-fortunately, no measurements appear to have been made of the general extent or rate of the

~
osional activity of this isopod along much of the Bay’s shoreline, although it may be estimated
at in some areas this has involved the landward disappearance of many meters of shoreline.

BIOLOGICAL AND ECOLOGICAL IMPACTS OF THE INTRODUCED FAUNA

"~e The greatest impact of the introduced fauna must be measured in biological and ecolo-

al terms: in the large numbers of species which have been introduced, and in their establish-

lent as numerical and biomass dominants in many areas of the Bay.
Lake Merritt (Fig. 1), a natural, shallow, brackish-water arm of the central east bay shore,

nnected to the Bay by a channel to the Oakland Estuary, provides one example. Here, the intro-.
duced fauna makes up an important component of the total fauna; indeed, almost all of the abun-

species are introduced. In a 10-yr qualitative sampling study which I conducted from 1962 to
!72, 37 of the 46 recorded species of littoral, benthic, fouling, and boring macroscopic inverte-

were introduced species. The 20% native fauna consists largely of transient summer-invading
a number of the introduced species are also present in the lake primarily in the summer.

and comprising much of the macroscopic fauna in the lake are masses of the tubeworm
enigmatica, a gregarious polychaete introduced from Australasia about 1920 (but not

until 1923 from France).Mqrcierella enigrnatica occurs throughout the lake on wharves,
bottoms, retaining walls, rocks, wood, debris, and floating algae. Shortly after its introduc-
local newspapers reported it as "coral" - a natural mistake for the coral-like masses which

around rocks in the lake. Further, M. enigmatica has become a prorni~, ent organism in
shallow manmade lagoons around the Bay, in:such areas as Foster City, Belvedere, and

In the Alameda lagoons, it has caused almos~ complete blockage of some drainage pipes.
the Atlantic ribbed mussel, Ischadium demissum, which occurs in large beds

walls all along the lake shoreline, the Japanese mussel, Musculus senhousia, found
mat-like beds on the lake bottom, and the Atlantic soft-shell clam, Mya arenatqa, and the
cockle, Tapes japonica. Common on all hard substrates in the lake are the bryozoans

sp., Victorella pavida, and Barentsia benedeni, and the barnacles Balanus improvisus
amphitrite amphitrite. On the lake shore is the Chilean or New Zealand beach-hopper,
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~rchestia chiliensis. In the algae and among the tubeworms, the amphipod crustaceansAmpitho

valida, Corophium insidiosurn, Grandidierella japonica, and Melita nitida, (all introduced), an
tanaids (the introduced Tanais sp.) are seasonally abundant. The Asian anemone, Haliplanel
luciae, and its small nudibranch predator, Trinchesia sp., are sporadically common. Polychaete~
abundant in the mud bottom include Neanthes succinea, Polydora ligni, Streblospio benedicti, an~
Capitella capitata, all introduced species. The only nemertean in the lake is the occasionall)
abundant Lineus tuber, whose tentative status as a native species in San Francisco Bay require.
investigation. Seasonally present in Lake Merritt, coinciding with higher summer temperatures ant
salinities, are the introduced shrimp Palaemon macrodactylus, the anemone Diadumene francis
cana, the hydroid Tubularia crocea and its nudibranch predator Tenellia pallida, the snails Urosa~
pinx cinerea and Ilyanassa obsoleta, the tunlcates Molgula manhattensis and Oona intestinalis, an
among native species, the polychaetes Harmothoe imbricata, Nereis vexillosa, and Eteone dilata~
the sacoglossan slug Aplysiopsis smithi, and the mussel Mytilus edulis. The only relatively eommo
native species in the lake on an annual basis is the mud crab, Hemigrapsus oregonensis. A
dominantly exotic fauna in Lake Merritt appears to have existed since at least the 1930’s (Ligl
1941:188, 191).

In the nearby Oakland Estuary, Graham and Gay (1945) found that the dominant foulir
fauna settling on experimental wooden panels is composed of the hydroid Tubularia crocea,
spionid polychaete Polydora ligni, the amphipod Corophium insidiosum, and the barnacle Balan;
improvisus, all of which reach peak biomass in the summer months. All are introduced species.
only borer noted, in small numbers, was the introduced isopod identified as Limnoria lignoru~
but probably L. tripunctata. Winter fouling was primarily composed of brown filamentous diatc
mats and the brown alga Ectoearpus sp.; spring and summer algae include the green Enteromorp
sp. and the yellow-brown Vaucheria sp. Unfortunately, virtually nothing appears to be kno~
about the probably large exotic algal flora of the Bay’s shallow estuarine margins.

Nichols’ (1977) study of the infaunal biomass and production of a mudflat near Palo A;
(Fig. 1) provides insight into the role of introduced species in the trophic structure of South
Of the 16 taxa identified to species, two require brief discussion before the significance of ex0
species to the biomass and secondary productivity of this mudflat invertebrate association can
assessed. One, the phyllodocid worm Eteone californica has already been mentioned: San Fran,
co Bay populations of this species may be the Atlantic E. longa. The other, the small telllnid d
Macoma balthica, may be (I) native, as a cold-water circumboreal species occurring regularly
the Pacific coast as far south as San Francisco Bay, but with bay and offshore records as far so
as San Diego (Coan 1971; E. Coan pers. comm.); (2) introduced into San Francisco Bay betw
1850 and 1869 with the native oyster, Ostrea lurida, from Willapa Bay, Washington, durin~
early trade iri Pacific coast oysters (Barret 1963); or (3) introduced with Atlantic oysters
1869. Macoma balthica has been reported by W. O. Addicott from sediments beneath the flo0
southern San Francisco Bay that range in approximate age from 2000 to 6000 years (Atw
et al. 1977; B. Atwater pets. comm.). Macoma balthica in San Francisco Bay may thus repre
native populations mixed with introduced stocks, through (2) and/or (3), above.

With the exception of E. californica and M. balthica, all of the species found
the Palo Alto mudflat are introduced. At Nichols’ three stations, introduced species largely.
genera Gemma, Mya, Streblospio, Heteromastus, and Ampelisca comprise 20, 64, and
biomass (averaged for four seasons). In each case, however, Macoma balthica accounts
greater amount of the remaining biomass: 77, 35, and 10% respectively. And,
by relatively few specimens, M. balthica tends to dominate biomass data
single, large specimens (Nichols 1977). As a matter of fact, the overwhelming
at the sites studied by Nichols were the tiny clam Gemma gemma and the spionid
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lenedicti both of which because of sampling technique, were considered to be underestimated in
=’numbers present (Nichols 1977). Not included directly in Nichols’ study is an abundant epifaunal

~fceCies, the mudsnail Ilyanassa obsoleta, which, "to the casual observer...is the only invertebrate
the mudflat. In fact, this species forms, in some areas, a pavement of shells on the mud sur-
e." (Nichols 1977). Nichols noted that his observations that the total biomass is comprised

largely of mollusks of the genera Macoma, Mya, and Gemma, along with nonquantified observa-

luOnS on the abundance of Ilyanassa, agree with similar observations in a Nova Scotia estuary by
rke and Mann (1974). Like Nichols, Burke and Mann found that mollusks of the genera Mya

and Macoma were the chief primary consumers on intertidal sand and mud flats. In San Francisco

~ey, this appears to be in no small part an artifact of man’s introductions. Nichols concluded, in
, that the mudflat invertebrate association in south San Francisco Bay is an "important link in
cycling of organic matter of the San Francisco Bay estuary." The fact that this secondary

~roductivity is tied up in large part in introduced species, especially so ifMacoma balthica is an
oduced form, raises questions as to the nature and role of mudflat invertebrates in the organic
ter budget of the Bay estuary prior to the mid-19th century. Of interest also is that Nichols

(1979) found that the introduced species of the genera Streblospio, Ampelisca, and Gemma are

i important biological indicators of continuously physically-disturbed environments in south
¯ Francisco Bay.

A further study on the trophic budget of San Francisco Bay is of interest here. Recher

~66) studied shorebird feeding ecology at Palo Alto, examining the stomach contents of plovers,
cets, dowitchers, sand-pipers, marbled gOdwits, knots, and willets. With the exception of 3% of
willet’s diet, which consisted of the native mudcrab Hernigrapsus oregonensis, all identified

prey items consumed by these birds (excludingMacoma balthica) are introduced species, including
~ly of the species discussed by Nichols. Nichols (1977) has already pointed out that Recher’s
_l~ort of only Neanthes succinea and no other polychaetes may be due to the non-identifiability
of some species of soft-bodied worms in stomach contents. Recher found that the prey items of

~est importance were Neanthes succinea, Gemma gemma, llyanassa obsoleta, and, for two bird
s, unidentified ostracods (perhaps Sarsiella zostericola). Mya arenaria and Macorna balthica
ined in Recher’s data) accounted for less than 7%, and generally less than 4% of any bird

diet. How accurate a reflection this is of the reliance of migrating shorebirds on these introduced
in south San Francisco Bay is difficult to determine, although Nichols (1977) has also

the importance of shorebird predation on the invertebrates in his study area. There is no
however, that shorebirds in south San Francisco Bay feed heavily on introduced inverte-

speeles, which arrived here a little more than 100 years ago, whereas the shorebirds have
visited the Bay, which lies along the Pacific Flyway, for thousands of years. In the

introduced invertebrates are of occasional importance to both native and introduced fishes,
native mysids and native corophiid amphipods are often more significant. The Atlantic
Rhithropanopeus harrisii, and several clams, including Gemma gemma and Tapes

also are occasionally important in the diet of such species as white sturgeon (Acipenser
(McKechnie and Fenner 1971).
interactions between native and introduced invertebrates in the Bay have been

The ecological and spatial overlap among possibly competing species largely remains
determined.Several pairs of potentially competing species readily suggest themselves how-

indicated first) the shrimps Palaemon macrodactylus and Crangon spp.; the
harrisii and Hemigrapsus oregonensis; the rock cockles Tapes japonica

staminea; the marsh snails Ovatella myosotis ( = Phytia seO’fer) and Assiminea
and the mudsnails llyanassa obsoleta and Cerithidea californica (the interactions of

pair are now under investigation by Margaret Race of the University of California,
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.~Berkeley). In certain areas of the Bay some of these species pairs do not co-occur; here, it may b
that competition would be important -only in essentially ecotonal habitats. In Lake Merritt, fc
example, where Palaemon macrodactylus is seasonally abundant, Crangon spp. do not occu
Tapes japonica is common in the lake, butProtothaca staminea has never been found there;Hem
grapsus oregonensis is present, but Rhithropanopeus harrisii, first reported on the Pacific coa:
from Lake Merritt-(Jones 1940), has not been found in the lake since my studies began in 196".
nor was it found in 1952 in another study of the lake.

In certain parts of the Bay, hermit crab populations may have responded to the increased v:
riety and number, of gastropod shells provided by introduced species of several genera, such as
yanassa, Urosalpinx, and Busycotypus. In south San Francisco Bay, at Coyote Point, Wickste
(1977) has noted that the population of the native hermit crab,Pagurus hirsutiusculus, is existir
almost entirely in shells of either llyanassa obsoleta or Urosalpinx cinerea. Similar reliance on
troduced shells by P. hirsutiusculus occurs in other areas of the Bay. It would appear that the he
mit crabs have either switched to these exotic shells from native gastropod shells, which are n~
now common at Coyote Point, or have expanded their range or population sizes in the Ba~

The successful establishment of so many exotic species cannot be considered the result
arty one cause, and in some cases reasons for establishment may be highly species-specific.6 Man
extensive perturbations of the Bay, including major hydrological changes (through dredging,
ing, sedimentation, diverting and damming of streams), installations of harbor and marina faciliti,
(wharves, pilings, floats, dredged channels), and bay disposal of a wide variety of inorganic and
ganic pollutants, may have created novel environmental conditions to which only certain intr,
duced species can adapt. More important, however, may be that the relatively young and islan,
like estuaries of the Pacific coast aboriginally supported, in terms of a number of species, a spar.,
native fauna (Jones 1940; Hedgpeth 1968; Carlton 1978); for many introductions there is no ol
vious native counterpart with which "competition" may have been necessa~ for establishmen
No native marine invertebrate is known to have become extinct in San Francisco Bay due to con
petition with an introduced species. However, portions of once-broader niches (sensu lato) of n:
tire species may have been acquired by introduced species, particularly by those exotics which oc
cupy the brackish (up-estuary) ends of counterpart native species’ ecological ranges. Thus the ~
troduced shdrnp Palaernon macrodactylus (compared to the native Crangon spp.), the introduce
barnacle Balanus improvisus (compared to the native Balanus glandula and Balanus crenatus), an
the introduced crab Rhithropanopeus harrisii(compared to the native Hemigrapsus oregonend:~
all occur most abundantly in more brackish (or even fresh water) regions of San Francisco
whereas the native species are most common in more saline areas. Investigations and experlment~
manipulative studies directed to dissecting out the relative importance of competition, oft he
sence of a diverse native fauna, and of the creation of modified andnewenvironments,are
both to clarify the sequence of events that led to the successful establishment of introduced
cies in the past and to understand what types of introductions may be successful in the

I began by stating that the history of introduction in San Francisco Bay has largely
anecdotal one, and an anecdote may serve to end this discussion. In the early 1890’s, the
mussel, Ischadium dernissurn, was introduced and has since become abundant
where it may live with only its posterior end at the mud surface. In 1927, Dudley

6 That the established species are only a small percentage of those actually transported
shores by ships and oysters is indicated by preliminary evidence summarized by Carlton (1978).
known fouling species introduced on other shores, such as the serpulid worm Hydroides elegans and
Balanus eburneus, have been found living on ships entering San Francisco Bay but have failed to
blished.
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I~Groot of Stanford University, reporting on the biology of the California clapper rail (Rallus longi-
rostn’s obsoletus) in San Francisco Bay, observed that the mussel had become an apparent danger
to the rail, for as the birds walked through the marshes they would be trapped by a slightly opened

Ischadiurn flush with the substrate. "It is our belief that at least seventy-five percent, and per-
aps more, of the adult rail of the Redwood marsh area are minus toes from this cause," said De

Greet, who further estimated, rather roughly, that approximately 25% of the chicks of hatched

i~lj.roods of the rail "meet an untimely end" by drowning at high tide while being held by the valves
the mussel. De Greet ranked Ischadium demissum as one of the causes of the demise of the
fornia clapper rail in San Francfsco Bay, a species now on the endangered list, although Moffit

~t1941) later showed that the detrimental effects, if arty, ell demissum may be outweighed by the
let that 57% of the total diet (and 66% of the animal protein in the diet) of clapper rails near Pale
~lltto consists of this mussel!

Introductions continue and these seem inevitable. In the San Francisco Bay area, introduced

~ies of animals and plants predominate throughout much of the urban and agricultural terres-
environment, and it seems only "natural" that man should contribute substantially to the

exotic composition of the marine biota as well. We may expect that as man’s methods of transpor-

~n in commerce and trade change and as our methods of traversing great distances on water
increasing speeds change, more and perhaps different exotic species will be introduced into

Francisco Bay and to the Pacific coast. Whether or not we will be able to detect an asymptotic
situation relative to the numbers of introduced species in an environment such as San Francisco

, and whether or not we will observe the replacement or displacement of one introduced ma-
species by another introduced species - not, to my knowledge, ever observed on this coast

before, but so well documented among land plants and insects - will require long and careful ob-

Iti°n-
ACKNOWLEDGMENTS

tI am indebted to a great many persons, acknowledged in Carlton .(1978), who have contri-
~ b~ materially to the identification and resolution of the introduced fauna of San Francisco
:~ llay~" In particular, John Chapman, David Cross, Ernest Iverson, and Daphne Dunn graciously con-

~ted unpublished records of gammarid amphipods, a caprellid, isopods, and an anemone, res-
~ely, from San Francisco Bay. Debby Fishlyn and Steve O’Dell provided moral and logistic
~_P=l~’ort in the preparation of this report for the San Francisco Bay Symposium in June 1977. I

Frederic Nichols and John Chapman for reading the manuscript and for helpful criticisms.
based, in part, on a thesis submitted in partial satisfaction of the requirements for the

of Doctor of Philosophy at the University of California, Davis.

LITERATURE CITED

D. P., and J. V. Johnson. 1972. Tile ascidians Styela barnharti, S. plicata, S. cl~tva, and S.
in Californian waters. Bull. So. Calif. Acad. Sci. 71:95-105.

E. 1953. Distribution of marine invertebrates by ships. Aust. J. Mar. Freshwater Res.

B. F., C. W. Hedel, and E. J. Helley. 1977. Late Quaternary depositional history, Hole-
changes, and vertical crust movement, southern San Francisco Bay, California.

~Geol. Surv. Prof. Paper 1014. 15 pp.
J. L. 1950. The occurrence of Chelura terebrans Philippi in Los Angeles and San Francis-

Bull. So. Calif. Acad. Sei. 49:90-97.

441

C--050346
(3-050348



SAN FRANCISCO BAY

Barrett, E. M. 1963. The California oyster industry. Calif. Fish Game, Fish Bull 123,103 pp.
Barrows, A. L. 1919. The occurrence of a rock-boring isopod along the shore of San Francisco

Bay, California. Univ. Calif. Publ. ZooL 19:299-316.
Behrens, D. W. 1971. Eubranchus misalciensis Baba, 1960 (Nudibranchia: Eolidacea) in San Fran-

cisco Bay. Veliger 14:214-215.
Behrens, D. W., and M. Tuel. 1977. Notes on the opisthobranch fauna of south San Francisco

Bay. Veliger 20:33-35.
Bertelsen, E., and H. Ussing. 1936. Marine tropical animals carried to the Copenhagen Sydhavn

on a ship from the Bermudas. Vidensk. Medd. Dansk natur. Foren K~6benhaven 100:237-245.
Bishop, M. W.H. 1951. Distribution of barnacles by ships. Nature 167:531.
Bousfield, E. L. 1973. Shallow-water Gammaridean Amphipoda of New England. Comstock Pub-

lishing Associates, Cornell University Press, Ithaca, N.Y. 312 pp.
Bousfield, E. L., and J. T. Carlton. 1967. New records of Talitridae (Crustacea: Amphipoda) from

the central California coast. Bull. So. Calif. Acad. Sci. 66:277-284.
Bradley, W., and A. E. Siebert, Jr. 1978. Infection of Ostrea lurida and Mytilus edulis by the par-

asitie copepod My tilicola orientalis in San Francisco Bay, California. Veliger 21:131-134.
Burke, M. V., and K. H. Mann. I974. Productivity and production: biomass ratios of bivalve and

gastropod populations in an eastern Canadian estuary. J. Fish. Res. Bd. Canada 31:167-177.
Carlton, J.T. 1969. Littorina littorea in California (San Francisco and Trinidad bays). Veliger

11:283-284.
Carlton, J. T. 1975. Comments on cosmopolitanism. Bull. Amer. Malacol. Union 1975:63.

(Abstr.)
Carlton, J. T. 1978. History, biogeography, and ecology of the introduced marine and estuarine

invertebrates of the Pacific Coast of North America. Ph.D. Thesis. University of California,
Davis, Calif.

Carlton, J. T., and V. A. Zullo. 1969. Early records of the barnacle Balanus improvisus Darwin
from the Pacific Coast of North America. Occ. Pap. Calif. Acad. Sci. 75.6 pp.

Chapman, J. W., and J. A. Dorman. 1975. Diagnosis, systematics, and notes on Grandidierella
japonica (Amphipoda: Gammaridea) and its introduction to the Pacific Coast of the United~.

States. Bull. So. Calif. Acad. Sci. 74:104-108.
Chilton, C. 1911. Note on the dispersal of marine Crustacea by means of ships. Trans. New

land Inst. 43:131-133.
Coan, E.V. 1971. The northwest American Tellinidae. Veliger 14(supplement): 1-63.
Day, J. H. 1964. The origin and distribution of estuarine animals in South Africa. Pages 151-1

in D. H. S. Davis, ed. Ecological studies in Southern Africa. Monographiae Biologieae
geverij Dr. W. Junk, Den Haag.)

De Groot, D.S. 1927. The California clapper rail: Its nesting habits, enemies, and habitat.
dor 29:259-270.

Elton, C.S. 1958. The ecology of invasions by animals and plants. Methuen & Co.,
and John Wiley & Sons, Inc., New York. 181 pp.

Ewan, J. 1955. San Francisco as a mecca for nineteenth century naturalists. Pages 1-63 in A.
tury of Progress in the Natural Sciences 1853-1953. California Academy of Sciences, San
cisco, Calif.

Farwell, W.B. 1891. Cape Horn and cooperative mining in ’49. Century Illus. Mag.
Fauchald, K. 1977. The polychaete worms: definitions and keys to the orders, families,

era. Nat. Hist. Mus. Los Angeles Co., Sci. Set. 28. 188 pp.
Graham, H. W., and H. Gay. 1945. Season of attachment and growth of sedentary marine.

isms at Oakland, California. EcolOgy 26:375-386.
Grodhaus, G., and B. Keh. 1958. The marine, dermatitis-producing cercaria

variglandis in California (Trematoda: Schistosomatidae). J. Parasit. 44:633-638.
Hand, C. 1956. The sea anemones of central California. Part III. The acontiarian

Wasmann J. Biol. 13:189-251.

442

C--050347
(3-050349



!
CARLTON: INTRODUCED INVERTEBRATES

I nd, C., and G. F. Gwilliam. 1951. New distributional records for two athecate hydroids, Cor-
dylophora laeustris and Candelabrum sp., from the west coast of North America, with revisions
of their nomenclature. I. Wash. Aead. SoL 41: 206-209.

~arNtna, G D. 1966. Introduced mollusks of western North America. Occ. Pap. Calif. Acad. Sci.
o. 48.108 pp.
man, O. 1955. Endemism in the north Pacific Ocean, with emphasis on the distribution of

marine annelids, and descriptions of new or little known species. Pages 39-60 in Essays in the

INaturalSciences in Honor of Allan Hancock the Occasion of HisCaptain on BirthdayJuly 26,
1955. University of Southern California Press, Los Angeles, Calif.

Hartman, W. D. 1975. Phylum Porifera. Pages 32-64 in R. I. Smith and J. T. Carlton, eds. Light’s
i~lManual: Intertidal Invertebrates of the Central California Coast, Brd ed. University of Califor-
.~nia Press, Berkeley and Los Angeles, Calif.
rttmel, C. R. 1966. A note on the freshwater polychaete, Manayunkia speciosa Leidy, from Cali-

fornia and Oregon. Ohio J. ScL 66:533-535.

~e~eth, J. W. 1968. Bay and estuary (introduction). Pages 231-233 in E. F. Ricketts, J. Calvin,
J. W. Hedgpeth. Between Pacific Tides, 4th ed. ,Stanford University Press, Stanford, Calif.

r, R.F. 1941. Archaeological evidence of Sebastian Rodriguez Cermeiio’s California visit in
1595. Calif. Hist. See. Quart. 20:315-328.

l t3schel E. 1923. Der Bewuehs an Seeschiffen. Inter. Rev. Ges. Hydrobiol. Hydrograph. 11:8-264.
Higgins, C. G. 1956. Rock-boring isopod. Bull. Geol. Soc. America 67:1770 (Abstr.)

~aC . L., and C. A. Kofoid. 1927. Marine borers and their relation to marine construction on
e Pacific Coast. San Francisco Bay Marine Piling Committee, San Francisco, Calif. 357 pp.
n, L.H. 1959. Some Turbellaria from the coast of California. Amer. Mus. Novit. No.

1943. 17 pp.
[o~s, L.L. 1940. An introduction of an Atlantic crab into San Francisco Bay. Prec. Sixth Pac.
~ ~ci. Congress, 3:485-486.
i~l~ble, J.H. 1957. San Francisco Bay; a Pictorial Maritime History. Bonanza Books, New

York. 194 pp.
<~icker, L.S. 1975. Spread of ostracodes to exotic environs on transplanted oysters~ Bull.
~mer. Paleont. 65:129-139.
~tngston, R. L. 1974. The maritime earwig in California (Dermaptera: Carcinophoridae). Pan-

Pac. Entomol. 50:28-34.
ton, R. L., and S. E. Miller. 1977. Expanded distribution of earwigs in California (Dermap-

Ja). Pan-Pat. Entomol. 53:114-117.
~m.gston, R. L., and I. A. Powell. 1975. The earwigs of California (order Dermaptera). Bull.

..~swmf. Insect Survey 20. 25 pp.. L. 1974. Occurrence of the Atlantic maldanid Asychis eIongata (Annelida, Polychaeta)
San Francisco Bay, with comments on its synonymy. Prec. Biol. See. Wash. 87:175-183.

~t, W.J. 1977. Spionidae (Annelida: Polychaeta) from San Francisco Bay: a revised list with
~nenclatural changes, new records, and comments on related species from the northeastern

!lifie Ocean. Prec. Biol. See. Wash. 90:66-88.
~ S.F. 1941. Laboratory and Field Text in Invertebrate Zoology. University of California,

Students Store, Berkeley, Calif. 232 pp.
J. C., and I. E. Steinberg. 1970. Crustaceorum Catalogus: Amph2poda I, Caprellidea I,

Dr. W. Junk N. V., Den Haag. 78 pp.
R. J., and R. B. Fenner. 1971. Food habits of white sturgeon, Acipenser transmon-
San Pablo and Suisun Bays, California. Calif. Fish Game 57:209-212.

R.N. 1975. Phylum Entoprocta. Pages 609-613 in R. I. Smith and J. T. Carlton, eds.
Manual: Intertidal Invertebrates of the Central California Coast, 3rd ed. University of

, Berkeley and Los Angeles, CaliL
R.I. 1958. The distribution of wood-boring Limnoria in California. Prec. CaliL Acad.

443

C--050348
C-050350



SAN FRANCISCO BAY

~ Sci. (4) 29:267-272.
Miller, M.A. 1968. Isopoda and TanAidacea from buoys in coastal waters of the continentai

United States, Hawaii, and the Bahamas (Crustacea). Proc. U. S. Nat’l. Mus. 125(3652): 1-53
Miller, R. L. 1969. Ascophy.Ilum nodosum: A source of exotic invertebrates introduced into wes

coast near-shore waters. Veliger 12: 230-231.
Moffitt, J. 1941. Notes on the food of the California clapper raft. Condor 43:270-273.
Monaghan, J. 1966. Australians and the Gold Rush. California and Down Under 1849-1854. Un!

versity of California Press, Berkeley and Los Angeles, Calif. 317 pp.
Monaghan, J. 1973. Chile, Peru, and the California Gold Rush of 1849. University of CalifornJ

Press, Berkeley and Los Angeles, Calif. 312 pp.
Moyle, P.B. 1976a. Fish introductions in California: history and impact on native fishes. Bio

Conserv. 9:101-118.
Moyle, P. B. 1976b. Inland Fishes of California. University of California Press, Berkeley and L¢

Angeles, Calif. 405 pp.
Newman, W.A. 1963. On the introduction of an edible oriental shrimp (Caridea, Palaemonida.

to San Francisco Bay. Crustaceana 5:119-132.
Newman, W. A. 1967. On physiology and behaviour of estuarine barnacles. Mar. Biol. Assc

India, Proc. Symp. Crustacea, Ernakulam, Symp. Set. 2, pt. 3, pp. 1038-1066.
Nichols, F. H. 1977. Infaunal biomass and production on a mudflat, San Francisco Bay, Calif¢

nia. Pages 339-357, in B. C. Coull, ed. Ecology of Marine Benthos. Belle W. Baruch Library
Marine Science, No. 6. University of South Carolina Press, Columbia, S. C.

Nichols, F. H. 1979. Natural and anthropogenic influences on benthic community structure
San Francisco Bay. Pages 409-426 in T. J. Conomos ed. San Francisco Bay: The Urbani~
Estuary. Pacific Division, Amer. Assoc. Advance. Sci., San Francisco, Calif.

Oglesby, L C. 1965. Parvatrema borealis (Trematoda) in San Francisco Bay. J. Parasit. 51:5:
Orton, J.H. 1930. Experiments in the sea on the growth-inhibitive and preservative value

poisonous paints and other substances. J. Mar. Biol. Assoc. U. K. [n.s.] 16:373-452.
Packard, E. L. 1918. Molluscan fauna from San Francisco Bay. Univ. Calif. Pub1. Zool.

199-452.
Pilsbry, H.A. 1896. On a collection of barnacles. Proc. Acad. Nat. Sci. Phil. 48:208.
Recher, H.F. 1966. Some aspects of the ecology of migrant shorebirds. Ecology 47:393-407.
Rotramel, G. 1972. Iais californica and Sphaeroma quoyanurn, two symbiotic isopods in"

duced to California (Isopoda, Janiridae and Sphaeromatidae). Crustaeeana (supplement I
193-197.

Rydell, R.A. 1952. Cape Horn to the Pacific. University of California Press, Berkeley and
Angeles, CaliL 213 pp.

Shoemaker, C. R. 1949. The amphipod genus Corophium on the west coast of America. J. W
Acad. Sci. 39:66-82.

Skerman, T. M. 1960. Ship-fouling in New Zealand waters: a survey of marine fouling organ
from vessels of the coastal and overseas trades. New Zealand I. Sci. 3:620-648.

Steinberg, 3. E. 1963. Notes on the opisthobranchs of the west coast of North America-III.
ther nomenclatorial changes in the order Nudibranchia. Veliger 6:63-67.

Stimpson, W. 1857. On the Crustacea and Echinoderrnata of the Pacific shores of North Ame
Boston J. Nat. Hist. 6:444-532.

Throckmorton, S.R. 1874. (On the importation of shad.) Proc. Calif. Aead. Sci., set. 1, 5:86
Vervoort, W. 1964. Note on the distribution of G~rveia franciscana (Torrey, 1902) and Cor,

phora caspia (Pallas, 1771) in the Netherlands. Zool. Meded. 39:125-146.
Wagner, H. R. 1924. The voyage to California of Sebastian Rodriguez Cerme~o in 1595. ~

Hist. Soc. Quart. 3:3-24.
Wicksten, M. K. 1977. Shells inhabited by Pagurus hirsutiusculus (Dana) at Coyote Pohat

San Francisco Bay, California. Veliger 19:445-446.
Williams, S. 1930. The Chinese in the California mines 1848-1860. Stanford, Calif. (Rep~

1971 by R. & E. Research Associates, San Francisco, Calif.) 85 pp.

444                      ~

C--050349
C-050351



THE FISHERIES OF SAN FRANCISCO BAY:

PAST, PRESENT AND FUTURE

SUSAN E. SMITH AND SUSUMU KATO
National Marine Fisheries Service, 3150 Paradise Drive, Tiburon, CA 94920

The character of the important fisheries of San Francisco Bay (chinook
/

salmon, striped bass, sturgeon, shad, Pacific herring, northern anchovy, starry
flounder, surfpereh, elasmobranehs, bay shrimp, and bivalves) has changed
dramatically over the past century. Many commercial fisheries that were once
impor, tant to the Bay Area economy have disappeared (e.g., the river fishery for
chinook salmon and the extensive clam and oyster industries), and although
other commercial fisheries have been revived in recent years (e.g., herring, bay
shrimp), there has been an overall change in emphasis from commercial to
recreational fishing. This has been largely due to legislation restricting the

.|. commercial harvest of anadromous species such as salmon, striped bass and

i sturgeon.II!iI . Man-induced changes in the environment are implicated in the decline of cer-

tain fishery resources. Water storage and diversion projects have affected the
distribution and abundance of salmon and striped bass, and land reclamation and
domestic sewage pollution essentially eliminated the clam and oyster industries.
Fishing pressure has also been linked with the decline of the bay shrimp and
sturgeon fisheries.

The San Francisco Bay-Delta region (Fig. 1) was once the foremost fishing center on the
Coast but has long since relinquished this position. Extensive land reclamation, dredging,

and water development projects have taken a great toll on the habitat, and over-
can also be blamed for much of the decline. Fishery resources came under heavy exploita-

between 1870 and 1915, and many fishery products from within the Bay began to decline
before the turn of the century (Skinner 1962). Introduction of new species has mitigated
of the damage, although the full ecological effects of these introductions are not known.
On the positive side, public concern and subsequent investigations by the California Depart-
of Fish and Game (DFG) and other state and federal conservation agencies have led to res-

which have at least slowed the destruction ofhahitat and fishery resources. These resour-
include a wide variety of fish and shellfish, some important to recreational interests, others

as commercial products, and still others waiting for the right circumstances to be utilized.
100 species of elasmobranchs and fishes, some 70 bivalves and 30 decapods have been record-
the rich fauna of the Bay-Delta region (Painter 1966; Messersmith 1966; Aplin 1967; Green
Eldridge 1977; unpublished catalog of invertebrates, Calif. Acad. of Sci., San Francisco).

following sections describe the history and current status of the commercial and sport
that have existed within the San Francisco Bay-Delta complex. Emphasis is placed on the
nature of the fisheries-how they have been affected by demand, resource availability,

and in particular, alteration of the environment by man. Species life history informa-
vhere pertinent, is also presented. Those covered are native and naturalized exoticspecies-

not attempted to cover the extensive oyster industry which existed from 1870 to the
mainly because the species that largely supported the industry, the eastern oyster
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¯Fig. 1. Index map of the San Francisco Bay-Delta and environs.

(Crassostrea virginica), was imported for seed culture or holding only and never became
fully established in the Bay. It should be mentioned, however, that the San Francisco Bay
industry was at one time the single most valuable fishery in the state; it declined rapidly after
turn of the century as water quality deteriorated and conditions became unsuitable
ture. The market crab (Cancer magister) also supported a valuable fishery in the San
area, but is not covered here because of the lack of quantitative information on the early
inside the Bay prior to the time when crabbing operations moved outside the Golden Gate.
Bay, however, is an important nursery area for this species (see Tasto 1979).

Skinner (1962, 1972a, b) has provided excellent reviews of the history and
the fisheries of San Francisco Bay area. This chapter summarizes and updates these
works and provides additional insight as to the possible fate of the fisheries resources in

CHINOOK SALMON

The chinook salmon, Oncorhynchus tshawytscha, is an extremely valuable food
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ImsoUrce in the Bay area and along the entire northern California coast. About 80% of all Califor-
a’s chinook salmon landings originate from stocks in the Sacramento-San Joaquin river systems

jkinner 1962). Most recreational fishing and all commercial fishing for chinook salmon now
es place outside the Golden Gate.

The chinook salmon attains a length of 147 cm and a weight of 57 kg, and its ocean range
extends from San Diego, California, north to the Bering Sea and south along the Asiatic Coast to

I rtheru Japan (Fry 1973).
The species is anadromous, passing through the Bay and ascending rivers (Fig. 2) to spawn in

cool, fresh-water streams over clean gravelly substrate (Fry 1973). Like all Pacific salmon, the

Fig. 2. The drainage basin of the San Francisco Bay-Delta system.

after spawning. Eggs hatch in 50 to 60 days, and about a month later the young emerge
gravel (Fry 1973). Peak downstream migration of young occurs in the spring and to a

in the fall. Fingerlings from 2 months to 1 year old move downstream through the
the ocean, where they remain from 1 to 4 years (usually 3) to grow and mature before

to native spawning streams (t-Ieubach 1968).
are at present three different stocks in chinook salmon in the Central Valley; these

are named for the time each enters .spawning streams-spring-run, fall-run, and winter-run
1972). A fourth group (late fall-run) has been identified (Hallook 1977), but we have

this group in the fall-run category. Most spring-run fish spend the summer in deep pools
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and*do not spawn until the fall. Fall-run fish spawn soon after their arrival on the spawning
grounds, and winter-run fish spawn in late spring and early summer (Hallock 1977; Jensen 1972).

Fall-run salmon are by far the most numerous and support the bulk of ocean sport and
commercial fisheries. These fish spawn predominantly in the Sacramento and its tributaries,
though some enter San Joaquin tributaries such as the Stanislaus, Merced, and Tuolumne rivers
(Fig. 2). According to Jensen (1972), winter-run fish, which ascend the Sacramento system, have
in recent years become the second most numerous group. Slater (cited by Heubach 1968) believes
these fish are descendants of a smatl mn that spawned in the McCloud River, a tributary of the
Sacramento that was blocked off to spawners after construction of Shasta Dam. The spring run,
which was apparently quite extensive prior to the construction of Shasta and Fdant dams, is now
the least numerous variety (Jensen i972). Many spring-run fish formerly spawned in the San
Joaquin River system, but due to inadequate flow caused by dam construction and other water
projects, the Sacramento system now supports most of what remains of the spring run.

History of the Fisheries

Clark (1929), Skinner (1962) and Seofield (1956) provide good background information on
the history of the salmon fishery. According to these authors, commercial fishermen began fishing
for salmon around 1850 using gill nets and seines in the Sacramento and San Joaquin rivers and in
parts of Suisun and San Pablo bays.

The first salmon cannery started operation on the Sacramento River in 1854. The industry
grew rapidly, stimulating the early growth of the fishery. In 1864 one cannery packed 2,000 cases
of salmon, each case containing 48 one-pound (0.45 kg) cans (Clark 1929). By 1882, 200,000
cases were produced by a total of 19 canneries operating on the rivers. After that year the industry
began a gradual decline and ceased operations in 1916.

Records of the total river catch (Fig. 3A), which became available after 1874, give a better
indication of the magnitude of the early salmon harvest. During the ten-year period between 1874
and 1884, an average of 3,220 t (metric tonnes) was landed annually, with a peak harvest of 4,900 t
in 1880-the highest catch ever recorded. Ocean trolling for salmon, later to replace the river
fishery, increased steadily after the late 1890’s when gasoline boat engines were introduced (Sco-
field 1956). The major shift to ocean fishing, which took place from the late 1920’s to the early
1940’s, was largely augmented by legislative restrictions that curtailed river netting, such as stream
closures, closed seasons and gear restrictions (Scofield 1956). In 1957, the year of the lowest rivel
catch on record (146 t), legislative action eliminated all commercial salmon fishing inside
Golden Gate, making the ocean troll fishery the only legal commercial salmon fishery in

After Word War II, sport trolling for salmon came into prominence, and the San
area now produces the most consistent ocean sportfishing for salmon in the state (Squire
Smith 1977). About 45% of the chinook salmon taken near San Francisco are landed
tional fishermen (P. O’Brien pers. comm.).

Environmental Problems

It is beyond the scope of this report to enumerate all of the many man-made
have affected salmon populations in the Central Valley. Readers are advised to refer to
(1929), Skinner (1962, 1972a), Kelley (1966), Heubach (1968), and Jensen (1972) for
tailed information.

Spawning streams were already being destroyed as early as the Gold Rush
gold mining, railroad construction and lumbering operations. These activities left many :
badly silted or blocked by debris (Gilbert 1917). Water development, particularly
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I diversion projects, had an immense effect on salmon stocks by blocking access to spawningareas
above dams, reducing flow and altering temperature regimes below dams, diverting fish into irriga-
tion channels, altering the natural condition of spawning streams, and, in the case of water trans-

IPort projects, changing the hydrography of the Delta itself.
In 1928, before many of the major dams had been constructed, and before the advent of the

federal Central Valley Project (CVP) and State Water Project (SWP), art estimated 80% of the

~aiv
riginal Sacramento-San Joaquin salmon spawning grounds had already been cut off by obstruc-
ons (Clark 1929). The construction of Shasta Dam in 1944 eliminated approximately 50% of the
affable spawning area of that river (Skinner 1962). Completion of Friant Dam on the San Joa-

n? River in the mid-1940’s essentially eliminated salmon runs in the main stem of that river
enchen 1977). Dam construction and water diversions on other rivers and streams have also
cked valuable spawning areas, or reduced flows to the extent that either the adults can not or
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.Fig. 3. Commerci~ f~h catches of the Bay-Delta and adja~nt t~but~y streams: (A) Salmon

~ the Sacramento-S~ Joaqu~ flyers; (B) Sturgeon (1875-1917) in the Bay-Delta;
(1889-1935) ~ the Bay-Delta; (D) Shad (1884-1957) ~ the Bay-Ddta.
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will not ascend spawning streams, or the young are unable to pass downstream during their sea-
ward migration in spring. Hatcheries have been built to replace some of the major spawning areas
lost to water development.

Since the 1950’s flow reversals caused by the pumping of huge volurnes of Sacramento River
water across the Delta to export pumps to the south near Tracy have also created problems for chi-
nook salmon, which depend on their olfactory senses in homing to spawning areas. During periods
of reduced flows and high pumping rates, Sacramento fish are attracted to the central and south-
ern Delta by Sacramento River water present there, and are thus delayed in their spawning migra-
tion. At the same time, San Joaquin fish have to negotiate the barrier of Sacramento River water
to reach their native San Joaquin water-most of which is being.delivered away from the Delta to
CVP and SWP transport pumps upstream (Jensen 1972; Skinner 1972b). Screens at the pumping
station are fairly efficient, but large numbers of Fingerling chinooks from the San Joaquin are still
lost at those sites.

It has been suggested that construction of the proposed Peripheral Canal will resolve or
minimize many of these problems (see for example Gill et al. 1971); however, with or without the
Canal, water demands will continue to grow in California, and careful management and control of
future development in the Central Valley will play an essential part in protecting the future of this
important fishery resource.

STRIPED BASS

The striped bass, Morone saxatilis, was first introduced to the San Francisco Bay system ir
1879 when 132 juveniles, taken from a small New Jersey estuary, were shipped across country
rail and released into Carquinez Strait (Skinner, 1962). A second plant of 300 fish was made i~
1882 in lower Suisun Bay. Conditions in the Sacramento-San Joaquin estuary were obviousll
ideal, for the species flourished beyond all expectations and now supports a valuable recreationl
fishery within the Bay.

Today the bulk of west coast striped bass production occurs in the San Francisco Bay est~
ary. The species is anadromous, migrating in winter and spring to the Delta and upstream 1
spawn. Information on the biology of the striped bass, population size, and environmental facto
affecting the species is presented by Stevens (1979).

History of the Commercial and Sport Fisheries

Ten years after its first introduction and for 46 years thereafter the striped bass suppor~
an important commercial fishery in the Delta area. Fish were taken with gill and trammel n~
primarily in the San ~oaquin River (Skinner 1962). Between 1889 and 1915 the catch usually
ceeded 454 t (106 lb) annually, but catches subsequently dropped and for 20 years therea
only twice exceeded 454 t (Fig. 3C). Growing interest in sportfishing for striped bass led
increased efforts toward conservation of the species. Finally in 1935 commercial fishing was:
hibited and the resource reserved exclusively for sport use.

Until the late 1950’s most angling effort took place from San Pablo Bay to the Delta,
new fishing techniques developed and partyboat fishing upstream of Carquinez Strait
San Francisco Bay proper became the major fishing area (Stevens 1977). Prior to this
fish were caught by bait-fishing and some by surface trolling; however, it was discovered
could be readily taken from partyboats in north San Francisco Bay trolling deep
ers. In addition, a winter-spring fishery developed during the herring spawning runs
1962). In the early 1960’s another major change occurred in partyboat fishing method,’
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Ir troduction of deep drifting with live anchovies. Today this is the primary method used by San
ancisco Bay partyboats during the height.of the season in summer and fall.

I Impact of Water Development

Water development in the Delta has created a variety of problems for the striped bass. Water
diversions have led to loss of eggs, larvae and young fish into export canals; salinity intrusion,

I~sedlow rainfall and increased has affected in Sanby waterexport, spawning JoaquinRiver;
subsequent low dyer flows through and out of the Delta have been associated with poor year-

class survival and later recruitment to the fishery (Stevens 1979).

I                                   AMERICAN SHAD

The American shad, Alosa sapidissima, is another transplant from the Atlantic Coast, and

lethe striped bass, became firmly established within the San Francisco Bay system soon after its
roduction. Shad reach a length of 76 cm and become mature at 3 to 5 years (Fry 1973; Stevens

1972).

I The species is anadromous, spending most of its life at sea, the adults using the Bay only as a
gratory pathway enroute from the ocean to upstream spawning areas. Most shad spawn from

April to June primarily in the Sacramento River system (Stevens 1972). Formerly, shad ascended

t Slyacramento for 300 miles or more (Nidever 1916), but since construction of the Red Bluffin 1967 (Fig. 2), most runs stop at that point (Fry 1973). Unlike salmon and trout, shad do
at ascending fishways, especially the more common weir and orifice type (W. Leer pets.

Conlnl .).

I Stevens (1972), summarizing the work of others, reports that spawning shad appear to re-
ire fresh water, a good current, and relatively warm water temperatures between 16° to 21°C.

Many adult shad die after spawning. The eggs are slightly heavier than water and are carried near
bottom by river currents until hatched. Most of the young then move downstream, leaving
Delta and passing through San Pablo Bay from September to November. Young shad feed on

~plankton, primarily cladocerans and copepods. The principal food of the adults in the Delta
the opossum shrimp, though cladocerans and copepods are also eaten. Apparently nothing is

about young shad once they enter the ocean, and little is known of the oceanic habits of
Coast adult shad.

Shad are extremely delicate fish, and the slightest physical injury proves fatal. Because of
fragile nature, shad young may be less apt to survive contact with fish screening devices

suitable for hardier species such as young striped bass and salmon (W. Leet pers. comm.;
1968a).

History of the Commercial Fishery

Shad were first brought to the West Coast in 1871, when 10,000 fry were introduced into
River (Nidever 1916). Between 1873 and 1880 several additional plants were

As early as 1879, large numbers of shad started to appear in the San Francisco market.
the first few fish began to appear, some curious customers paid as much as $10 to $15 for a

and many shad brought from $1 to $1.50 per pound (0.454 kg). The novelty soon wore
as shad continued to increase in numbers and began to glut the market. By 1894 the

plummeted to 2 cents per pound. Until 1912 shad were utilized entirely by the fresh fish
a salt shad market was established ill China, and practically all fish were shipped

roe was salted and either canned and shipped to the east or sold in local markets.
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During this time practically all shad were caught in drift gill nets in upper San Francisco Bay and
in the Delta.

The shad catch reached a peak of 2,540 t in 1917 (Fig. 3C), but afterward landings declined.
In 1958 legislation was enacted that prohibited gill netting in inland waters and the shad fishery
was eliminated. The action was taken primarily to protect salmon and striped bass caught inciden-
tally in netting operations and not because the shad population was endangered. It would appear
that since the turn of the century the commercial fishery was, for the most part, limited not by
population size but by lack of demand. Even though shad has an excellent flavor and is a popular
food fish on the east coast, it is not sought after to any extent in California, e×cept by recreational
fishermen.

The Sport Fishery

Recreational fishing for shad started to become popular around 1.950, and since then the
sport has grown considerably. In 1963 DFG estimated that 100,000 angler days were spent by
fishermen seeking shad on the Yuba, American, and Feather rivers (Kelley 1968a). In recent years
the main stem of the Sacramento River has become the most important fishing area (D. Painter
pers. comm.).

In addition, a small "bump net" sport fishery exists in the Delta area where upstream
grants are caught in large, long-handled dip nets made of chicken wire held in the wake of an out-
board motor. For some reason, only male fish are caught by this method (Stevens 1972).

No quantitative information is available on the size of the adult shad population, but it is
thought to be large. At the present time DFG is undertaking tagging studies to obtain population
estimates. Factors influencing the surcival from egg to adult are thought to be similar to those of
striped bass, although predation on shad appears to be lighter (Kelley 1968a). Maintenance
Neomysis sp. populations in the Delta, upon which shad depend, may be an important factor
the future as increased water demands and diversions lead to reduced outflow through the Delta
increasing the duration of salinity intrusion and altering the habitat and distribution of Neomysi:
sp. especially during dry years (Orsi and Knutson 1979).

STURGEON

Two species of sturgeon occur in the San Francisco Bay estuary, the white sturgeon, Ac
penser transmontanus, and the green sturgeon, A. medirostn’s. The largest white sturgeon take
along the Pacific Coast was reported to be about 610 cm long, weighing 817 kg. The smaller ar
less common green sturgeon reaches about 213 cm and a weight of about 159 kg, but most,
those that are caught are considerably smaller (Squire and Smith 1977). Female sturgeon r~h
maturity when they are about 12 to 15 years old, or approximately 125-140 cm in length.
apparently mature earlier, at 10 to 12 years of age and about 112-125 cm in length (I). Kohlhi~
pers. comm.).

Benthic invertebrates such as clams, small crabs and bay shrimp predominate in the q
sturgeon; however, during the winter herring spawning runs, herring eggs are reported to
for 20 to 80% of their food. Fish, such as striped bass, herring, staghorn sculpin, and
are eaten in lesser numbers (1V!iller 1972a; McKechnie and Fenner 1971). The
the amphipod Corophium sp. make up the bulk of the diet of
1972a).

Tagging studies indicate that white sturgeon conf’me their movements primarily to !
ary, spending summer, fall and winter in the lower bays and Delta.
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trirnarilyearly spring, sturgeon appear spend more ocean move consi-Green to time and
erable distances along the coast (Miller 1972b).

Environmental conditions necessary for successful migration and reproduction of sturgeon
~re not known, and to our knowledge, spawning and embryology of California sturgeon have not
’~een described. Sturgeon larvae have been taken by DFG in the Delta and in the Sacramento River

upstream to Hamilton City (rkm 330) from March to midJune (Kohlhorst 1976; Stevens and

fbiller 1970). Apparently most, if not all, of these larvae were spawned in the Sacramento River
ove the Delta. Catches by nets set at different depths indicate larvae are demersal.

There is concern that yolk-sac larvae coming down from the Sacramento River in spring will
be vulnerable to water diversions. Recommendations have been made to prevent their being divert-

I~ with the water by providing efficient screening facilities and/or pumping curtailment (Miller
72a). Kelley (1968b) predicted that increased net velocities in Delta-channels resulting from

increased water transport to the south may reduce populations of Corophium and Neomysis spp.,

ihieh are important’ foods of sturgeon. Also, proposed reclamation or bay f’fll may have a detfi-
ent~l effect on both juveniles and adults which feed on benthic organisms over the shallow fiats

of San Pablo and Suisun bays.

l                              History of the Fishery
Before the 1870’s, the sturgeon resource in the estuary was virtually untapped. Only the

i~inese considered them of value, but they often utilized only the gelatinous notochord (Skinner
~.~ 62). A demand for sturgeon apparently came about when "Easterners" with a taste for sturgeon
~d caviar migrated to the Pacific Coast. Around the same time, the Atlantic coast supply had
diminished (Skinner 1962). Furthermore, great quantities of sturgeon were in demand to feed

t chhands and labor gangs prior to 1895 (Scofield 1957).
The fishery only lasted about 30 years, but within that time the resource was heavily ex-

ploited. Initially, most fishing was conducted by the Chinese, who snagged the fish using heavy
~l~tllnes with unbaited barbless hooks (Fry 1973). Gill and trammel nets took many, but such cat-
les were usually made while fishing for other species. Green sturgeon, considered inferior as a
’l~od fish, was not sought after and brought only half the market price of white sturgeon (Smith
,1~895). From 1875 to 1892, landings averaged 227 t annually, while between 1892 and 1901 they
~,ged from about 45 to 91 t (Fig. 3B). In 1895, a law was passed protecting sturgeon during part
!!/the spawning season, and Chinese setlining was prohibited (Scofield 1957). In 1901 the State

temporarily abolished the fishery, claiming the white sturgeon to be on the verge of ex-
The fishery remained closed until 1910, when it was reopened to a limited extent but

abolished completely in 1917.
Kelley (1968b) suggested that hydraulic mining operations in the Sacramento system may
had as much influence on the decline of the sturgeon as did overfishing. Between 1860 and

14 tremendous loads of mining debris flowed through the river system to the sea, affecting the
and probably sturgeon as well. The decline in the fishery from 1875 to 1900 occurred

15 years of rapid and heavy bed load movement of debris down the Sacramento and accumu-
Suisun and San Pablo Bays, principal feeding areas of sturgeon. This debris passed out of

Bay by 1930 and out of San Pablo Bay by 1950 (see also Krone 1979).
The taking or possession of sturgeon was prohibited until 1954, at which time DFG felt the

had sufficiently recovered to recommend opening the fishery for sportfishing only.
snagging seemed to be the only effective fishing method, but this was prohibited in 1956

1972b). Very few fish were taken until about 1964 when it was discovered that bay shrimp
sp.) could be used successfully as bait. Afterwards, partyboat catches jumped from three
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sturgeon in 1963 to 2,400 fish in 1967 (McKechnie and Fenner 1971).
In recent years sturgeon angling has become increasingly popular. Although they are caught

throughout the year in the upper bays and Delta, best fishing is from fall through early spring
when the biggest fish are taken. There is a one-fish-bag limit and 102-era minimum size. Much of
the angling takes place from boats in San Pablo and Suisun bays, where anglers stillfish on the bot-
tom using shrimp for bait. During the herring spawning runs from about January to March, stur-
geon also congregate around Sausalito and the Tiburon Peninsula, where, during the height of the
runs, they are caught by shore and boat anglers using herring f~dlets or herring roe for bait. A mo-
dest fishery exists in South Bay where anglers use methods similar to those used irt San Pablo Bay.

PACIFIC HERRING

Although Pacific herring, Clupea harengus pallasi, are distributed along the entire U.S. wes
coast, they are uncommon in southern California. Within the range there are a series of intergrad
ing populations which spawn in specific areas; tagging experiments give evidence of only limite~
interchange among populations (Hart 1973). Major spawning areas in California are Tomales an,
San Francisco bays.

Each year from about November to March large schools of herring enter San Francisco Ba.
to spawn, principally along the shores of Sausalito and the Tiburon Peninsula. Most herring spaw
when they are two years old and about 25 em long (J. Spratt pers. comm.). Pacific herring spaw
intertidally and subtidally down to 7.6 m or more (Eldridge and Kaill 1973). They appear to
fer substrates covered with seaweed, eelgrass, or rock upon which to deposit their adhesive eggs
though the eggs commonly blanket every available surface during the height of spawning activi~
Fecundity is 18,600 eggs for females averaging 192-ram standard length, and 29,500 eggs for f
males of 223 mm (Hart and Tester 1934). Most spawning occurs at night, although fish have bec
observed to spawn during the day as well, and at all tidal stages. The eggs range between 1.3 to 1
mm in diameter and are usually deposited one or two eggs thick, but can be in layers up to 51 m
deep (Miller and Schmidtke 1956). Eldridge and Kaill (1973) found that when heavy "clumpint
of eggs occurs, survival is poor among all but the outlying eggs.

During and after spawning, adult fishes and eggs are subjected to heavy predation from
many sea birds, fishes and sea lions that gather at the spawning grounds. Mortality of eggs m
range from less than 5% in deep water to 99% or more for intertidal spawning where eggs are aw
able to a variety of predators, particularly gulls (Eldridge and Kaill 1973). After leaving the B~
postspawning adults and juveniles are thought to disperse along the coast (J. Spratt pets. corer
and a significant number apparently migrate to Monterey Bay where the commercial fish~
regulariy lands nonspawning herring.

History of the Fishery

Immigrant Italian fishermen started fishing for herring about 1850, and by 1888, 35 to
boats were engaged in the fishery which was centered in Richardson Bay (Skinner 1962). Th
was also limited fishing over the shallows on the eastern side of San Francisco Bay south of,t
meda and off Point Richmond. Fishermen used gill nets, beach seines, and later paranzella
The bulk of the landings was sold in the fresh fish markets, but when abundant and cheap, par’
the catch was salted and sold for bait as well as for human consumption. According to Col
(1892) herring landings in 1888 amounted to 1,200 t.

Attempts to establish export markets failed because Pacific herring did not measure
the quality of Atlantic herring. Bay fish were particularly unsuitable because of their srnall~
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and because gill netters and seiners took only spawning fish that were not in prime condition for
salting and smoking (Scofleld 1918). Some salted herring was shipped to the Orient, however.

Demand for herring increased as food came into short supply during World War I. In 1917 a
canning and reduction plant was established at Pittsburg, California, supplied by fish from San

and Tomales bays, particularly the latter, because the fish were fatter and longer (Sco-
1918). Although the San Francisco Bay catch rose to nearly 2,150 t in 1918 (Fig. 4B), the

was short-lived. In 1921 the State Reduction Act was enacted, limiting reduction of fish to
meal. Canning operations closed and from 1920 through 1946 only small quantities were

for fresh consumption, bait, and for smoking (Frey 1971; Miller and Schmidtke 1956).
The fishery had a brief revival after the end of World War II when herring was tried as a sub-

for the vanishing sardine, but the attempt was unsuccessful. Thereafter only a small pet-
market continued to provide a limited demand, but even this market did not hold (Eldridge

the mid-1960’s, a specialized fishery began for herring eggs, utilized in Japan in two
"kazunoko" and "kazunoko-kombu." Kazunoko consists of the ovaries taken from ripe
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herring. Fish are taken by lampara nets, gill nets, and purse seines. Kazunoko-kombu refers to
herring eggs-on-kelp, which is gathered by divers in subtidal areas. Both products are expensive
gourmet items in Japan.

As fishing effort intensified in both Tomales and San Francisco bays, public concern mounted
over the fate of the herring resource, and emergency legislation was passed in 1973 that instituted
a permit and quota system for the herring fishery. In San Francisco Bay, the present (1977-1978)
quota for adult herring is 4,558 t; the quota for eggs-on-kelp is 4.5 t, including plant material. The
commercial season extends from December 14 through March 31 with different starting dates for
the various fishing methods.

The 1976-77 herring spawning population in San Francisco Bay was estimated at 24,489 t
(J. Spratt pers. comm.).

NORTHERN ANCHOVY

Probably the most abundant species of fish in the Bay, the northern anchovy, Engraulis mot.
dax, supports a modest commercial fishery and is important in the food web. The anchovy is ~
short-lived species, attaining a probable maximum of seven years, although rarely exceeding fou
years of age and a length of 18 cm (Frey 1971). Sexual maturity is reached by the end of tw,
years at a length of about 13 cm (Frey 1971).

An~aovy are found in the Bay throughout the year, but a large influx occurs in May, and a
elevated abundance persists through September (Aplin 1967). Commercial landings also coinci~
with this period, but high catches extend into October and sometimes into November (DFG Cat~
Bulletins). Many small anchovy can be found during this period, indicating that the species pro
ably spawns in the Bay. Eldridge (1977) found the greatest number of larval anchovy duri
December, however.

Many species of fish feed on anchovy of appropriate size, including downstream migr:
salmon (Heubach 1968), jacksmelt (Boothe 1967) and striped bass (Johnson and Calhoun 195
Indeed, because of its abundance and small size the anchovy is probably the most important for
fish in the Bay.

The Fishery

From 1916 through 1951, armual landings of anchovy in the Bay Area (Fig. 4A) amou~
to less than 180 t (Skinner 1962). In 1952 the catch increased sudderdy to 2646 t due to the ~
for a substitute for the failing sardine industry. Because of low consumer acceptance of ca:
anchovies, and rigid state laws governing reduction of fish into fish meal, catches in subse(
years declined considerably. Recently, however, the landings have started to increase again
the commercial catch has Stabilized at around 385 t (M. Oliphant pers. comm.).

Practically the entire reported catch is now preserved and packed as frozen-bait for r
tional fisheries. An additional unrecorded amount, perhaps as much as 25% of the "dead
landings, is taken for use as live bait, primarily for use in the sport fishery for striped bass. In

¯ years both live and dead anchovy are also used as bait in the commercial albacore tuna fisher.
landed value of the 1974 "dead bait" catch was $73,344 0VlcAllister 1976).

Although anchovy for the bait industry are normally caught within the Bay, in sore,
about 10% are caught outside the Golden Gate (W. Millazzo, Meatball Bait Co., Sausalito;
Beckett, bait dealer, Oakland, pers. cornms.). We have no estimates of the tonnage caught
the Bay during the two years of greatest landings (1952 and 1953).

Anchovy are caught in the Bay exclusively with a roundhaul seine called a "lampa
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When the to be alive the fish from the seine intoanchovy are kept are dip-netted holdingtanks
aboard the fishing vessel. At times the entire net with the encircled school of anchovy is towed to
a moored bait receiver.

No estimates are available on the abundance of anchovy in the Bay. Since the greatest bulk
of anchovy are seasonal migrants, it seems unlikely that the stocks in the Bay can be imperiled by
the present fishery.

STARRY FLOUNDER

The starry flounder (Platichthys stellatus) is one of the most important sport-caught flat-
fishes along the Pacific Coast (Squire and Smith 1977). It is euryhaline, commonly occurring in
estuarine areas, and sometimes in full fresh water and appears to prefer a soft sand habitat (Orcutt
1950). The main spawning period is December-January, when mature starry flounder.apparently
migrate to shallower waters (Orcutt 1950). Average size of individuals taken during a bottom trawl
survey in San Francisco Bay was 41 cm, with a range of 24-63 cm (Boothe 1967). According to
Orcutt (1950) a 41-cm fish weighs about 1.5 kg and would be sexually mature. Lockington (cited
by Orcutt 1950) reported in 1880 that large starry flounder from 3.6 to 5.4 kg occurred in San
Francisco Bay. Fish of this size are rarely encountered today.

Although mature starry flounder are common and some spawning would be expected to
occur within the Bay, only few eggs, larvae, and juveniles have been taken in surveys (Green 1975;
Eldridge 1977). Ganssae (1966)found that size of starry flounder decreased with distance up-
stream from San Francisco Bay. D. Stevens (pers. comm.) reports that few starry flounder are

! found in the Delta, but large ones are commonly caught in San Luis Reservoir, suggesting that the
young are carded from the Delta to the Reservoir via the aqueduct. Food of starry flounder in
San Francisco Bay consists primarily of polychaete worms, small bivalves, siphons of larger clams,
and small crabs (Boothe 1967).

The Fishery

The starry flounder is an important species to anglers in the Bay as it is an excel!ent food
fish. Bottom fishing from anchored or drifting boats in San Pablo and Suisun bays probably pro-
duces the best catches, although this species is also common in the shore catch. The commercial
fishery for starry flounder is conducted almost exclusively by bottom trawl in offshore coastal
waters; no commercial fishing occurs in San Francisco Bay. No data are available on the abundance
of starry flounder in the Bay. Sampling with a bottom trawl disclosed its presence at all stations,
from Palo Alto to Richmond, and although it ranked 16th in total numbers captured (Aplin
!967), its large size should relegate it to a Mgher position in terms of biornass.

SURFPERCH

About a dozen species of surfperch (family Embiotocidae) occur in San Francisco Bay, the
common being the pile (Damalichthys vacca), black (Embiotoca ]acksoni), shiner (Cymato-
aggregata), walleye (Hyperprosopon argenteum), white (Phanerodon furcatus), .mbbeflip

toxotes), striped (Embiotoca lateralis) and rainbow (Hypsurus caryi) surfperches
1968a; Squire and Smith 1977). Surfperch are relatively smal! coastal marine fishes,

the larger species, such as the pile and rubbedip, are known to reach lengths of 44 and 47
respectively (Miller and Lea 1972).

All embiotocids are viviparous-a reproductive process rare among marine teleosts. Breeding
have been described for some surfperch species (Eigenmann 1894; Wales 1929; Rechnitzer
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and L’~rnbaugh 1952; Engen 1968; Wares 1971; and others). In general, mating usually takes place
shortly after a previous brood has been released and the sperm may be carried for months by the
female before the eggs are fertilized. The embryos develop in membranous sacs and receive nou-
rishment from the surrounding ovarian fluid. The young are well developed and independent
at birth (Wares 1971; Frey 1971). It appears that many Bay surfperch release their young in spring
and early summer, judging from the occurrence of term females in the sport catch at that time
(W. Dahlstrom pers. comm.). To our knowledge, nothing has been published on movements and
breeding habits of Bay surfperch, and in general, information on other life history aspects is
lacking. Boothe (1967) found that shiner surfperch fed predominately on benthic invertebrates
such as gammarid amphipods and cumaceans, and to a lesser extent on clams and polychaetes.
Adams (unpublished)~ found gammarid and caprellid amphipods were the most important food of
black surfpereh; other small crustaceans, tanaids and isopods were also important, as were poly-
ehaete worms and bryozoans. The diets of striped and rainbow surfperch were similar, but for pile
perch, large crustaceans, hard-shelled molluscs and barnacles were much more important in the diet.

Because they occur and are caught in nearshore locations, often adjacent to highly populated
and industrialized areas, suffperch and the organisms upon which they feed may be exposed to
higher concentrations of pollutants than species inhabiting the deeper waters of the Bay where tidal
action and outflow flushing aid in dispersal of these materials. Earnest and Benville (1971) found
DDT levels to be higher in surfperch than in the flatfish, sculpin and crabs they sampled in the Bay.

The Fishery

Surfperch form an integral part of the marine sport catch in San Francisco Bay, and are fre-
quently taken by pier and wharf anglers (Wooster 1968a; Squire and Smith 1977). Shiner perch is
also a popular live bait for striped bass. Winter and spring are the best fishing times, when larger
individuals are usually taken (Wooster 1968a).

Members of this family are of minor commercial importance locally, although some do occa-
sionally appear in local markets. Before the turn of the century, however, surfperch were apparent-
ly quite common in San Francisco fresh fish markets (Eigenmann 1894, citing Lord). Judging from
some of the early accounts (Wilcox 1898), most were taken with beach seines.

ELASMOBRANCHS (SHARKS AND RAYS)

Of the species of elasmobranchs occurring in San Francisco Bay, the most abundant is the
brown smoothhound, Mustelus henlei (Herald and Ripley 1951; Russo and Herald 1968). The
leopard shark (Ih’aMs semifasciata), soupfm (Galeorhinus zyopterus), dogfish (Squalus acanthias),
sevengill shark (Notorhynehus maculatus), and the bat stingray (Myliobatis californica) are all fair:
ly common. The largest shark caught in the Bay was a rare sixgill shark (Hexanchus griseus) which
measured about 3.3 m and weighed 210 kg (Herald and Ripley 1951). Total biomass
cies is unknown but may be considerable. One study using bottom longline gear produced
rate of 15 sharks per 100 hooks (Herald and Ripley 1951), which is an exceptionally high
rate for any commercial longline fishery.

South Bay apparently harbors more sharks than the central and northern reaches
and Ripley 1951). The brown smoothhound and leopard sharks apparently prefer shallower
ters, while the sevengill is usually found in waters deeper than 6 m. The Bay may be a
ground for some sharks, as evidenced by the predominance of juveniles in the catch. Soupfm i
birth to pups in the Bay (Herald and Ripley 1951), and we have caught many pregnant
smoothhounds with near-term pups.

1 "Resource partitioning among members of a model ftshery." NMFS, Tiburon Lab., Tiburon, CA
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Food habits of leopard sharks and brown smoothhounds have been extensively studied by
Russo (1975) who found that both were essentially benthic feeders. Disturbingly, he also found
polychlorinated biphenyl (PCB) levels of 2247 ppm in the liver, and total identifiable chlorinated
hydrocarbon levels of 37 and 108 ppm respectively for smoothhound and leopard sharks. Among
the important food elements (over 15% frequency of occurrence in stomachs of sharks caught in
San Francisco Bay) were shrimps, crabs, herring eggs, and the fat innkeeper worm (Russo 19)5).

The bottom-feeding mode of these two species apparently was connected to a case of mass
mortality recorded in 1967 (Russo and Herald 1968). During a period of 33 days, more than 725
elasmobranchs were found dead along the banks of the eastern shore of San Francisco Bay. Of this
total 492 were brown smoothhounds. Leopard sharks and bat stingrays, presumably a bottom

Ifeederalso, up rest the killed, except a solitary sevengfll causemade the of total for shark. The of

death was not determined.

History of the Fishery

Presently no commercial fishery exists in San Francisco Bay for elasmobranchs. During the
celebrated "boom" of shark liver oil that lasted from 1937 through the early 1950’s, an intensive

t9shery was conducted throughout the state for soupf’m and spiny dogfish (Ripley 1946; Frey
71). The livers of these species, particularly the soupfm, are rich in Vitamin A. During this

period landings of sharks from the San Francisco Bay region constituted over 40% of the total for
Ill.he state (Ripley 1946). Between 1937 and 1945,annual landings of all sharks ha the San Francis-

|oBay area averaged 870 t, with a high of 2,243 t in 1940.
Ripley’s (1946) figures indicate that during 1941-44, soupf’m constituted 16% of the total

shark landings ha the San Francisco region. Presumably most of the remainder were spiny dogfish,luch were caught by gear Bay. Byers (1940) aof which bottomtrawl outsidethe indicatesthat
Illirge proportion of the soupfin landed in the San Francisco region were caught by hook and line

within the Bay.

Iz Shark and ray fishing is popular with many Bay anglers, and although most people disdain
. e thought of eating sharks, some species are considered desirable and are commonly eaten. In

fact, all the species found in San Francisco Bay have been found in the market (Frey 1971). The
opard shark and soupfm are particularly desired for their substantial amounts of firm white flesh,

many anglers in San Francisco Bay undoubtedly consume these species regularly. A further
of shark, one heartily recommended by gourmets, is the Chinese sharkfm soup.

CLAMS, OYSTERS, AND MUSSELS

San Francisco Bay contains large numbers of shellfish species, some of which have known
commercial and recreational value such as the soft-shell clam, Japanese litfleneck, mus-

and the native oyster (see also Carlton 1979 and Nichols 1979). Although considerable pro-
has been made in improving water quality ha the Bay in recent years, shoreline waters are ap-

not yet free enough of sewage contamination for the State Public Health Department to
of Bay shellfish for consumption.

History of the Fisheries

San Francisco Bay was one of the major landing areas ha the State for oysters and clams, but
fisheries declined steadily after 1900, with the oyster industry collapsing in the late 1930’s,

the soft-shell clam industry in the late 1940’s (Skinner 1962; Jones and Stokes 1977). By and
species have been the most important commercially.
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Oysters: Three species of oysters were harvested from San Francisco Bay in the past: the
native oyster (Ostrea lurida), the eastern oyster (Crassostrea virginica), and the Pacific or Japanese
oyster (C. g/gas). The latter two species are exotics introduced for holding and fattening or seed
culture-neither have reproduced sufficiently in the Bay for commercial exploitation (Jones and
Stokes 1977). Information on these oyster fisheries can be obtained from Bonnot (1935), Skinner
(1962), and Wooster (1968c).

The native oyster was once extremely abundant in many parts of the Bay (Townsend 1893).
This species was harvested centuries ago by local Indian populations and briefly for the restaurant
trade during and after the Gold Rush days (Wooster 1968b; Jones and Stokes 1977). It could not
compete with the larger, more desirable eastern oyster after the latter was introduced, however.
Apparently no attempts have been made to culture the native oyster in the Bay, and although at
least five large native oyster beds still exist (Wooster 1968b), the species is much less abundant
than it was before the turn of the century. The decline in native oyster populations is thought to
be the result of predation by the eastern oyster drill which was introduced with the first eastern
oyster shipments from the Atlantic Coast, and the silting in of much of the suitable substrate that
once existed (Bonnot 1938; Wooster 1968b).

Clams and Mussels: Three of the most abundant species of bivalves are not native to the Bay,
and all were accidental introductions. These are the soft.shell clam (Mya arenaria); the ribbed or
horse mussel (Ischadium demissum); and the Japanese littleneck (Tapes/aponica). The bay mussel
(Mytilis edulis) is considered indigenous to this coast; however, some populations may represent
exotic stocks introduced by way of ship fouling (D. Chivers pers. comm.; Carlton 1979).

The soft-shell clam was introduced into California with shipments of eastern oysters in 1869
or 1870 and first detected in 1874 (Fitch 1953). It became abundant and widely distributed in the
Bay in the late 1880’s and soon formed the bulk of the clam trade in San Francisco (Wooster
1968b). Apparently Mya arenaria largely displaced native clams in the Bay, especially the bent-
nose clam (Macoma nasuta) in the South Bay, where prior to 1876, large numbers were harvested
by Chinese fishermen (Skinner 1962; Weymouth 1920). According to Wilcox (1895), from 1889
to 1892, between 500 and 900 t of soft-shell clams were taken in the Bay each year (Fig. 5A). In
1899 Bay landings amounted to 695 t valued at $21,908 (Wilcox 1902).

SOFT--SHELL CLAMS                 .~

~ 1                                                            NDA--NO DATA AVAILABLE.~

E B                                 BAY SHRIMP

18S0 1890 1900 1910 1920 1930 1940 1950 1960 1970

YEAR

Fig. 5. Shell-fish commercial catches in San Francisco Bay: (A) Soft-shell clams
1948); (B) Bay shrimp (1879-1974).
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After the turn of the century, landings dropped considerably. In 1916 ordy 245 t were sold,
d by 1927 the take had declined to 68 t (Wooster 1968b). By the early 1930’s several beds had

~en destroyed or abandoned due to expiring leases and pollution (Bormot 1932). The-commercial
shery for soft-shell clams had disappeared by 1949. Its decline has been attributed to a variety of
ctors; domestic and industrial waste pollution, bay Filling and construction; overharvesting; the

high cost of manual labor required to dig the dams; and State allocation of some of the better

Iipam beds for recreational use only (Bonnot 1932; Skinner 1962; Wooster 1968b).
During the time the soft-shell clam industry was collapsing, another exotic food dam, the

anese littleneck (Tapes ]aponica) was becoming established. It was apparently introduced with

~a~aments of Pacific oyster seed during the early 1930’s, and since that time it appears to have
en over much of the habitat formerly occupied by the native littleneck or rock cockle,Proto-

stamina (Jones and Stokes 1977; Ricketts and Calvin 1968).
Soft-shell dam and Japanese littleneck are presently abundant in the Bay, and although sub-

/cted to intensive sport damming in such areas as Foster City and Berkeley (despite warnings of
~te Public Health Department), these resources remain essentially unused (Jones and Stokes
1977; W. Dahlstrom pers. comm.).

~a The soft.shell clam prefers sheltered bays and a heavy mud substrate where there is some
ing of fresh and salt water (Fitch 1953). Heavy wave action is detrimental to the species
tthiessen 1960). Recently over 1 million dams were destroyed in the Corte Madera-San Quen-

~ area, possibly the result of w.ave scouring caused by the new Larkspur commuter ferry (R.
Allister pers. comm.).

. The Japanese littleneck apparently can survive within a wide salinity range. It adapts well to
extreme saline conditions and has also been found ha the estuary where salinities were as low as

I % o (Wooster 1968b). The species appears to prefer gravel bottom, and does not develop on

strates where no attachment is possible or where the young may be subjected to gill clogging
(Filice 1958; Wooster 1968b).

~y
The bay mussel, Mytilis edulis, like the soft-shell dam, contributed substantially to the Bay

llfish harvest in times past, especially prior to 1895. Between 1889 and 1892, San Francisco
mussel landings fluctuated between 950 and 1300 t per year (Wilcox 1895). Soon afterward

the fishery suffered a severe decline which was attributed to reports of people becoming ill from

.~.~ughg bay mussels. At the present time it is utilized mostly for bait and occasionally for food. A1-considered a delicacy in Europe where it is cultured commercially, it is not much sought
after locally (Fitch 1953).

The ribbed mussel, Ischadium demissum, is another abundant mytilid in the Bay. It was
introduced with oyster shipments in the 1870’s, and though it has occurred in San

markets in the past, it has never been an important food item (Jones and Stokes 1977).
of its high Vitamin D content, a proposal was made in the early 1960’s to harvest!, de-
for use in freeze-dried form as a food additive, but the venture fell through because of

restrictions (Aplin 1967; Jones and Stokes 1977).
The ribbed mussel lives in the high intertidal zone, most often in association with the native

(Spartina foliosa), and the species is capable of l~fltering out great quantities of suspend-
the water (Aplin 1967). The continual sedimentation effected by mussels may play

part in salt-marsh development and mussel populations may also be important in the estua-
phosphate cycle by furnishing raw materials to deposit feeders which in turn regenerate the

(Kuenzler 1961).
Paralytic shellfish poisoning (PSP) is commonly associated with mussels and results from the

tion of shellfish that have been feeding on toxin-producing dinoflagellates of the genus
(Ricketts and Calvin 1968). Most, if not all, cases of PSP in California are probably
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associated with the sea mussel, Mytilis californianus, not the ribbed or bay mussels; however, all
mussels are under State quarantine from May through October, when blooms of Gonyaulax are
known to occur (Jones and Stokes 1977).

Public Health Problems and the Future

The combination of rapid population growth and industrialization since 1900 has undenia-
bly affected shellfish resouces in San Francisco Bay. Skinner (1962) points out that even before
the turn of the century, pollution, siltation and ship wastes were hastening the decline of the
fisheries in the Bay, and that shellfish were particularly vulnerable. He cites an 1878-79 Board of
Fish Commissioners report by W. N. Lockington, who attributed the decline not just to overfishing
and increased boat traffic, but in particular, to the "constant fouling of the waters and destruction
of life by the foetid inpourings of our sewers..."

In 1932, bacterial levels in ~the Bay were so high that the State Board of Health passed a reso-
lution establishing a general permanent quarantine on shellfishing in San Francisco Bay, but this
quarantine was rescinded in 1953 (Jones and Stokes 1977).

No comprehensive sanitary survey has been conducted in the Bay although bacterial surveys
are made at irregular intervals at various locations by certain governmental agencies. These surveys
have revealed a significant improvement in water quality over the past 10 years (California Water
Quality Control Board 1976); however, Jones and Stokes (1977) point out that results obtained
during the past two drought years may be misleading due to the reduction of urban runoff, a sig.
nificant contributor to high bacterial levels. Even if bacterial quality reaches acceptable levels,
other problems still need to be resolved such as uncontrolled urban run-off during storms, presence
of harmful viruses, uptake and concentration of harmful trace metals and other toxic substances;
and sport-commercial allocation of the resource.

BAY SHRIMP

Three species of native shrimp occur in San Francisco Bay: Crangon franciscorum, C. nigri-
cauda, and C. nigromaculata. The Korean shrimp,Palaemon macrodactylus, which was introduced
accidentally in the early 1950’s, has also become established in brackish waters of the Bay systen
(Ricketts and Calvin 1968)~ Of the crangonids, the largest and most abundant is C. franciscorum
followed by C. nigricauda. C. nigromaculata is far less numerous and is not considered in thJ
chapter.

Bay shrimp are important forage for sport and market fishes. In the Bay they occur fu
quently in the diet of sturgeon (McKechnie and Fenner 1971) and striped bass (Johnson and Ca
houn 1952). Moulting by bay shrimp and agitation of bottom sediments in their search for foo
and protection may also contribute to the cycling of nutrients (Krygier and Horton 1975).

Much of the life histories ofC. franciscorum and C. nigricauda are similar (Israel 1936).
species breed at the end of their first year. Females attain a larger size than males, and at matuIi~
measure approximately 37 mm TL (C. nigricauda) and 53 mm TL’(C. franciscorum). The e~g
hatch in water of high salinity. Larval stages are planktonic until reaching 6 to 7 mm in leng~
which time they settle to the bottom and move toward shallow water of reduced salinity.
liestpostlarval shrirnp are found in brackish or nearly_ fresh waters of tidal flats or sloughs__. M.,,~
shrimp develop and spawning season approaches, they move back into deeper, cooler, and mc
saline water.

Ovigerous females occur throughout the year, but Israel (1936) found that major
occurred from December to May or June for C. franciscorum and from April to
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nigricauda. Krieger and Horton (1975), however, found a bimodal spawning pattern for the same
species in Yaquina Bay, Oregon. Ganssle (1966) observed ovigerous P. macrodactylus in Suisun
Bay during fall sampling.

Of the crangonids, C. franciscorum is the more tolerant of fresh water and has been found
far up into the Delta, while the upper limit of C nigricauda is in Suisun Bay, and then only in the
fall with intrusion of salt water (Skinner 1962). This difference may be an important factor sepa-

l rating the two species and limiting competition, although it is possible that this balance may have
been disrupted in some way with the introduction of the Korean shrimp.

Little data are available on the population size and species distribution in the Bay, although

I t he present bait fishery appears to be far from utilizing the full potential of the resource (Frey
1971). Because bay shrimp are short-lived there may be large fluctuations in abundance from year
to year, and, for the same reason, shrimp populations would be particularly sensitive to the effects
of short-term pollution in the environment (Frey 1971).

History of the Fishery

Scofield (1919), Israel (1936), and Skinner (1962) have provided summaries of the develop-
ment of the bay shrimp fishery. According to these authors, shrimp fishing in California was start-
ed in 1869 by Italian fishermen who employed 18 m long seines and sold their limited catch to
local fish markets. The Chinese entered the fishery in 1871 with the far more efficient Chinese
shrimp net or "bag net," which greatly increased the catch and promptly put the Italian fishermen
out of business. The Chinese nets were funnel-shaped stationary traps, 9 m across, 12 m long and
operated by tidal action. The local demand for shrimp was not great, but a profitable export trade

I was built up from the dried product which was shipped to the Orient. An estimated 1,500 Chinese
were engaged in the fishery in 1875. Between 1882 and 1892, yearly catches averaged 2,270 t
(Fig. 5B). In 1897, 26 Chinese shrimp camps were established at various locations around San
Francisco Bay. This number was reduced to 19 camps by 1910.

The use of Chinese shrimp nets met with opposition from the beginning, because many juve-
nile food fishes were allegedly destroyed incidental to the shrimp catch, and later because it ap-
peared that the shrimp resource was being rapidly depleted. Thus a series of laws was passed from
i910 to 1919 involving closed seasons, gear restrictions and processing limitations. After 1915

nets were allowed only in South Bay, while beam trawls were used elsewhere.
In following years the number of shrimp camps diminished, but the catch rose steadily until

1929, then fluctuated around 1000 t between 1930 and 1936, after which landings decreased
due to lack of a market for dried shrimp (Frey 1971).

In 1965 the fishery was revived to supply bait for striped bass and sturgeon sportF~shing.
r there are about 15 boats in the fishery, and all but a few fish with beam trawls. Most fishing
place in San Pablo and Suisun bays, and to a limited extent in South Bay. Although the size
fishery is small, the business can be lucrative, as bait shrimp brings a price of $2.00 to $2.50

pound (0.45 kg) to the fisherman. It is sold both frozen and live, the latter being in ~he most
and bringing the highest price. The small size of bay shrimp appears to be the major factor
the demand for them as food, and at this time it does not appear that they can be pro-

economically for sale on a large scale.

DISCUSSION

The foregoing account i!lustrates the changing fortunes of the fishery resources of San
Bay. The commercial landings, affected by regulations and environmental changes as
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well as market demand and resource availability, have undergone drastic changes not only in quan-
tity but also in the kinds of fishery resources harvested from the Bay. Formerly, bivalves, shrimp,
salmon, and sturgeon, as well as a number of other fmfishes, provided a substanf’ial income to Bay
Area fishermen. Now the only remaining commercial fisheries of note within the Bay are those for
herring, anchovy and bay shrimp, and the latter two are used almost exclusively as bait.

Recreational fisheries, alternatively, have fared somewhat better, due primarily to legislation
which has restricted commercial fishing for certain species and outlawed some fishing gear detri-
mental to stocks of incidentally caught fishes. Striped bass and sturgeon are now reserved exclu-
sively for the sport fishery, as is chinook salmon fishing within the Bay.

Human activity is clearly implicated in the decline of much of the fishery resources of San
Francisco Bay. Although the full effects of dumping, dredging and f’filing are not clear, we can
safely surmise that ftlling of shallow mud flats around the perimeter of the Bay has drastically re-
duced the amount of suitable habitat for such forms as oyster, clams, and bay shrimp. Pollution
has degraded the purity of water to the extent that even now after considerable effort to improve
water quality, commercial and recreational use of molluscs is still hazardous and by and large dis-
couraged or disallowed. In past years intensive harvesting also contributed to the decline of many
Bay fisheries.

Anadromous fishes have suffered from the damming and diversion of rivers which resulted in
elimination or alteration of spawning and nursery habitats. Changes in the hydrography of the
Delta caused by diversions, and pollution from industrial, agricultural, and municipal waste dis-
charges may not only affect these fishes directly but may also affect the distribution and abun
dance of forage species upon which they depend.

Research Needs

A review of the literature discloses that except for bivalves and a few fmfish (striped bass
herring, sturgeon, salmon) little quantitative data are available on the fishery resources of Sa~
Francisco Bay. Neither is there much information on the life history of most of the animals whic]
reside in the Bay, whether they be seasonal migrants or residents. There is also a need to stud~
trophic relationships and interspeeific interactions in order to better gauge the effects of change
in the environment.

The Future

It is likely that reduction in duration and frequency of fresh-water flows into and out of
Delta, caused by increasing demands for water for agricultural, industrial and domestic use, w
further affect anadromous fish stocks unless steps are taken to prevent or replace losses caused
reduced flows. The gradual decline in the amount of fresh-water flow out of the Delta will prob
bly alter salinity regimes in the Bay, which may change the distribution of certain species
possibly the migratory habits of anadromous fishes and invertebrates such as the salinity-regular,
crangonids.

The full effects of the recent drought (1976-77) on anadromous fishes is not known,
may not be felt for years to come when the fish spawned .during the past few years begin to
the fisheries. There may be a severe decline in the population resulting from poor spawning
year-class survival.

On the positive side, if water quality continues to improve in San Francisco Bay proper~
has over the past 10 years, we may see increased shellfishing in the Bay and perhaps the
up of certain clamming areas that are now considered restricted by the
Public Health.
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Prediction of what will happen in -the future is difficult if not impossible, not only because
of the complexity of the estuary itself and lack of knowledge of environmental requirements of
many Bay species, but also because the San Francisco Bay estuary is obviously no longer a natural

~ [] system. Factors such as water quality, water flow and habitat conditions are now largely under
.- human control. Resource-related decisions made now and in the future will ultimately determine

the fate of the Bay’s fisheries. The value of these resources, perhaps now more than ever, will

I have to be weighed carefully against land and water use demands.
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ENVIRONMENTAL FACTORS AFFECTING STRIPED BASS (MORONE
SAXA TILIS) IN THE SACRAMENTO-SAN JOAQUIN ESTUARY

DONALD E. STEVENS
California Department of Fish and Game

4001 North Wilson Way, Stockton, California 95205

The introduction of striped bass to the Sacramento-San Joaquin Estuary has
established one of California’s most important recreational fisheries. Striped bass
requirements are being studied so they can be considered in planning for future
water project and other development in the estuary. Study results have shown
that striped bass spawning is affected by annual variations in salinity in the San
Joaquin River, and survival of the young and subsequent recruitment to the fish-
ery are related to the magnitudes of water diversions from the nursery area and
river flows.

Mortality caused by entrainment in power plant cooling systems probably has
been low relative to that caused by water development, but losses due to entrain-
ment at power plants may be increasing because increased power production is
causing lethal temperatures to occur more frequently.

Factors other than angling kill about 15 to 30% of the adult bass each year.
Part of this mortality occurs during large die-offs in the Suisun-San Pablo Bay
area when bass are migrating back to salt water after spawning. Attempts to de-
termine the cause of these kills have been unsuccessful.

Reduced flows resulting from water development may change water circula-
tion patterns in San Francisco and San Pablo bays. Such changes potentially af-
fect the abundance and distribution of forage for adult bass.

Water management actions that would benefit the striped bass resource in-
clude maintaining adequate freshwater flows through the estuary and moving the
intakes for the federal and state water diversions to a location upstream from the
nursery area.

Striped bass (Morone saxatilis) were introduced to the Sacramento-San Joaquin~ Estuary
from the Atlantic Coast in 1879 (Skinner 1962; Smith and Kato 1979). They increased at a phe-
nomenal rate: hundreds were caught 10 years after the introduction, and after 20 years over
540,000 kg were landed. From 1916 to 1935 when commercial fishing was outlawed, the com-
mercial catch ranged between 225,000 and 450,000 kg annually.

As a result of the introduction, the striped bass fishery in the Sacramento-San Joaquin Es-
tuau¢ has long been one of California’s top ranking sport fisheries. Presently about 200,000 anglers
.fish for striped bass each year and catch about 300,000 fish. In the only significant economic

the Stanford Research Institute projected an annual net value of 7.5 million dollars for this
in 1970 (Altouney, Crampon, and Willeke 1966). Hence, striped bass are a major recrea-

and economic asset.
The viability of the striped bass resource depends on environmental conditions which have
and are being altered by water projects and other development. Due to potential impacts of

development, the California Department of Fish and Game (DFG) in cooperation with the
i" S. Fish and Wildlife Service (USFWS), California Department of Water Resources (DWR), and

S. Bureau of Reclamation (USBR) has been studying the environmental requirements of striped
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bass. This chapter reviews the major l~mdings of those studies.

THE ESTUARY

The Sacramento-San Joaquin river system forms a tidal estuary (Fig. 1). Approximately
1,130 km of charmels interlace the Delta at the junction of the rivers. These channels vary in width
from around 50 m to about 1.5 km, and generally they are less than 15 m deep. Water flowing to
the ocean passes through Suisun, San Pablo, and San Francisco bays. A vast area of these bays is
less than 2 m deep at mean lower-low tide. However, the channels range up to 100 m deep in San
Francisco Bay just inside the Golden Gate.

The salinity gradient generally is about 80 km long extending from San Pablo Bay to the
western Delta (see also Conomos 1979). River flows into the Delta are quite variable and are par-
tially controlled by upstream reservoirs. Inflows peak in winter and spring. Water development in
the system now removes .about half of the flow that would normally go to the ocean. Water is ex-
ported from the southern Delta via two large pumping plants. One is a 130 ms-s"I plant built by
the USBR in 1951; the other is a 170 mZ-s"1 plant completed by the DWR in 1968. The flow

!
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reductions and removal of water from the Delta affect the salinity gradient and cause changes in
seasonal and geographical flow patterns in the various channels.

FISHERY

Tagging studies indicate abundance of bass larger than the 40~6-cm minimum legal size rang-
ed from about 1.6 to 1.9 million fish from 1969 to 1975 (Stevens 1977a). Such abundance mea-
surements are not available for prior years, but sport fishery records provide evidence that bass
were two to three times more abundant in the early 1960’s than at present (Stevens 1977b).

Since 1958 anglers have harvested from 11 to 37% of the legal population each year (Chad-
wick 1968; Miller 1974; Stevens 1977b; and unpublished data). From 1969 to 1975 an average of
60% of the catch was from San Francisco Bay, San Pablo Bay, and Carquinez Strait (unpublished
data). About 2% of the catch was from the Pacific Ocean. The remainder of the catch came from
Suisun Bay, the Delta, and the rivers upstream from the Delta.

Bass migrations cause the fishery to be seasonal throughout the estuary. From 1969 to 1975
more than 90% of the catch west of Suisun Bay was taken during summer and fall; whereas, almost
60% of the catch upstream was taken during spring.

LIFE HISTORY

Tagging studies demonstrate that most adults move to fresh water (the Delta or upstream in
the Sacramento River) to spawn du .d.’ng spring. After spawning, adult bass return to salt water (San
Pablo and San Francisco bays and the Pacific Ocean within about 32 km of the Golden Gate).
Some adults begin moving back upstream toward fresh water again during fall. Others overwinter
in the bays and move back upstream just before spawning during spring (Calhoun 1952; Chadwick
1967; Orsi 1971).

Striped bass are prolific. A 60-cm long female spawns about 700,000 eggs (Lewis and Bonner
1966). Spawning occurs from early April to mid-June and primarily in two areas, the San Joaquin
River between Antioch point and Venice Island and the Sacramento River from Isleton to Butte
City about 240 km upstream (Farley 1966; Turner 1976).

Bass eggs are semi-buoyant and drift with the water currents until they hatch in 2 to 3 days.
As a result of the rapid downstream flow in the Sacramento River, most bass larvae reach the Delta
before they have significant swimming ability or have started to feed. Mortality rates are high
from the time eggs are spawned through the middle of the first winter (DFG et al. 1974). Probably
only about one out of every 100,000 eggs survives to the end of the year (unpublished data).

Young bass abundance typically is greatest in the zone where fresh and salt water initially
mix, presumably indicating better conditions for survival there (Turner and Chadwick 1972).
Massmann (1963) referred to this region as the "critical zone" in estuaries, because it is the princi-
pal nursery area for many fishes. In the Sacramento-San Joaquin Estuary this zone is more produc-
tive than areas up or downstream; it has been variously termed the "null zone" (Conomos and
Peterson 1974; Peterson et al. 1975) or the "entrapment zone" (Arthur and Ball 1979). At mode-
rate flows this zone is located in the Suisun Bay area, and at low flows it is in the Delta (Turner
and Chadwick 1972; Arthur and Ball 1979; Conomos 1979). Generally, the greatest densities of
the principal food organisms of young bass (the opossum shrimp,Neomysis mercedis and copepod
Eurytemora sp.) also occur in or near this zone (Heubach 1969; Orsi and Knutson 1979; DFG et

During their’ second ’year, many bass still live in the Delta and Suisun Bay, but others move
the rivers above the Delta and downstream into San Pablo Bay. They generally change from an
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inverteb]r~te to a fish diet, although Neomysis is still important. In the Delta, threadf~m shad (Doro-
soma petenense) and young striped bass are the primary fish eaten (Stevens 1966).

Male bass mature when they are 2 or 3 years old, while females mature at 4 or 5 years. Once
bass mature they take up the adult migratory pattern.

ENVIRONMENTAL FACTORS AFFECTING THE POPULATION

Water Quality and Spawning

Striped bass spawning and salinity of the rivers was monitored most years from 1963 to
1977. Salinity always was less than 200 mg-liter"1 total dissolved solids (TDS)I in the Sacramento
River spawning area. Salinity generally was less than 200 mg-liter"1 TDS (<0.5 °/oo) in the San
Joaquin River spawning area, although low river flows sometimes allowed higher salinity water to
intrude from the west. Usually this area is less salty than the river either up or downstream because
fresh water flowing from the Mokelumne and Sacramento rivers dilutes saltier agricultural return
water coming from upstream and ocean water coming from downstream.

Several f’mdings from the field monitoring and also laboratory experiments indicate salinity
adversely affects bass spawning. Radtke and Turner (1967) reported that potential spawners are
repelled by the salty, agricultural return water in the San Joaquin River upstream from Venice
Island. More recently, L. W. Miller (pets. comm.) found that few bass spawned in the San Joaquin
River during 1977 when the intrusion of ocean water caused salinities to exceed 5,000 mg-liter"1
TDS (~5 °/oo) in the usual spawning area. Bass were not deterred from spawning in this area by
ocean salts causing TDS of 1,500 rag-liter"~ (=2 °/oo) in 1968 and 1972 (Turner 1976), but labora-
tory experiments indicate egg survival declines markedly when the salinity of the water in which
they harden exceeds 1,000 rag-liter"~ TDS (~1 ~/oo) (Turner and Farley I971). Hence, .water
fresher than 1,000 rag-liter"x TDS apparently is essential for optimum spawning success.

Effects of River Flow and Water Diversions on Young Bass Survival

Abundance of young bass has been monitored by a tow net survey conducted annually since
1959 (except 1966). Turner and Chadwick (1972) developed annual indices of young bass survival
for 1959 to 1970 from this survey. These indices were directly correlated with outflow from the
Delta~ during all combinations of months from April to July. Survival was best correlated with
flows for June and July combined. The variations in young bass survival appear to be important
in determining subsequent recruitment to the fishery (Stevens 1977b; Chadwick et al. 1977).

From 1971 to 1976, young bass survival consistently was poorer than expected from Turner
and Chadwick’s analysis of survival and flow from 1959 to 1970 (Fig. 2)(Chadwick et al. 1977).
The recent decrease in survival occurred solely in the Delta which is the farthest upstream portion
of the nursery area. During this period, average May, June, and July water exports increased 83,
60, and 52% above 1959 to 1970 levels.

The findings led to a multiple regression of indices of young bass survival in the Delta against
diversion rates and outflows from 1959 to 1976 (Fig. 3) (Chadwick et al. 1977). The analysis in-
dicated that the survival-flow correlations are caused partly by local, state, and federal diversions
removing more fish and perhaps their food organisms from the Delta when outflows

1 This value converts to a very approximate salinity value of ~0.5 °[oo (at water temperature of
Other approximations are inserted parenthetically in text. (Ed.)

2 The Delta outflow index is the mean calculated daily outflow past Chipps Island. The data are
from DWR Water Supervision and Water Flow bulletins and partly supplied directly by DWR personnel. See a
Conomos (1979).
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Fig. 3. Relation between actual abundance of young striped bass in the Delta and abundance
predicted from May-June diversions and Delta outflow. Numbers indicate year from 1959 to 1976.

regression equation used to obtain the Y-axis coordinates is Y = -202.7 -0.25 (mean daily May-
+ 225.9 (log mean daily May-June outflow) - 43.36 (log mean daily May-June out-

R = 0.831. Outflows in m3-s"1. (From Chadwick et al. 1977).
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R = 0.876

MEAN OUNE-JULY OUTFLOW (m~/s)

~Jg. 4. ~ela~on betw¢¢~ ~Sund~ce o~ young striped bass downs~am
sun Bay ~dex), Y, and me~ d~y Delta outflow dung June and July. Numbers ~dicate year from
1959 to 1976. The regression equation for 1959-1970 is Y = -294.3 + 234.8 0og mean d~y June-
July outflow) - 39.0 (log mean d~y June-July outflow)2 ; R = 0.876. (From Chadwick et al. 1977).

when outflows are ~. Fewer fi~ are diverted when flows are ~ because ~e ~versions t~e a
sm~er fraction of the flow carry~g e~s ~d young and ~ flows tr~sport more fish to Suisun
Bay where there are few diversions (Fig. 4) (Chad~ck et ~. 1977).

Bass are removed from ~e Delta by locfl diversions because most of those diveaions are not
screened (~en 1975). The export diversions have louver screens, but ~ pump~g ~creases ~ese
¯ versions remove more bass because the screens are ~effective on bass too sm~ to sw~ we~.
The screens do not attah 50% efficiency until ~e bass grow to 19 mm long (about 1-mo old).
Above 19 ~, screen efficiency ~creases gradu~y to about 85% for b~s longer ~ 100 mm
(about 5-too old) (Sk~ner 1974).

~other effect of water expo~ pump~g is ~at it causes ~ flow velocities ~ the ch~nels
w~eh convey water from ~e Sacramento ~ver to the pumphg pl~ts
velocities reduce st~ng crops of ~portant bass food org~isms (copepods, cladocer~s,
Neomysis mercedis)(Turner 1966; Heubach 1969).

The su~ivM-flow relations app~enfly are not caused solely by diversions, however. There i
e~dence that ~ flows enh~ce su~ivfl ~ other ways. From 1938 to 1954, before signific~
water exports existed, recruitment of bass to ~e fishe~ was correlated wi~ outflow when ~e
emits were young (Stevens 1977b), ~d it is u~ely ~at locM diversions caused the eorrelati~
(Chadwick et M. 1977). ~so, h 1977, ~ere was abno~y low su~ivM of young bass w~ch w;
~sociated with extremely low outflows (Table 1). The 1977 results are not expla~ed by diversk
rates (L. M~er pe~. co~.).

The way in w~ch flow controls the spatiM distribution of young bass in the estua~ may be
major mech~ism eontro~g the su~ivM-flow relations. When hi~ flows-disperse young bass
more of the estuary, competition for food may be reduced (Stevens 1977b; Chadwick et ft. 197

Recent studies (Orsi and Knutson 1979) Mso reve~ ~at when flows are low, stand~g crt
of foods ~e reduced ~ the cfitic~y import~t fresh-sMt water m~g zone. Delta outflow
considerably lower ~ no~fl t~ou~out 1976 ~d 1977, ~d ~e me~ 1976-77 su~
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FROM THE SACRAMENTO-SAN JOAQUIN DELTA.
TABLE 1. YOUNG BASS ABUNDANCE AND OUTFLOWa

i I
Mean

¯ 1977 (1959-1976) Previous low

=               Bas,5 abundance index (units)              6.7        67.7        33.9 (1959)

Mean April to July outflow (m3-s-1) 86 573 140.0 (1976)

a Mean calculated daily outflow past Chipps Island.

/     abundance index for Neotnysis mercedis was only about 25% of the 1968-1975 mean (A. Knutson

pers. comm.). Indices of smaller zooplankton abundance also were below normal in 1976 and
1977 (J. Orsi pers. comm.).

Effects of Power Plants and Other Industry on Young Bass Survival

Chadwick and Stevens (1971) and Chadwick et al. (1977) reviewed available striped bass
temperature tolerance data and operation of the two Pacific Gas and Electric Company (PG&E)
power plants which use up to 90 mz’s"1 of water from the striped bass nursery area for "once
through" cooling. We concluded that mortality caused by these plants was minimal compared to

il
that caused by the water project and agricultural diversions and other environmental factors associ-
ated with outflow. We based this conclusion on: (1) entrained bass usually were not exposed to
lethal temperatures, (2) field tests suggested few fish were mechanically damaged, and (3) power

~"l plant effects were not evident in the statistical relations between young bass survival and flow anddiversion rates even though there were two significant increases in cooling water demand (totaling
48% of the present demand) during the survival study.

Although power plants apparently have not been a major factor, evidence that losses of
young bass are not nullified by compensatory mechanisms later in life (Chadwick et al. 1977) sug-
gests that losses due to entrainment have had some, albeit perhaps small, impact on the fishery.
The impact probably is increasing, as increased power production is causing lethal temperatures to
occur more frequently (Finlayson and Stevens 1977; PG&E 1977).

Several other industries use water from the western Delta and/or have discharged wastes into
the nursery area while bass survival has been monitored. However, their total water use is small
(about 2 m3.s"1 during summer), compared to the amount used for export (up to 300 m3"s-1) by
local agriculture (about 110 mZ-s"~ during the summer), and by PG&E. Effluent standards also
have become more stringent in recent years. Hence, presently, local industry probably does not
significantly affect young bass survival.

Factors Affecting Adult Bass

Factors other than angling kill about 15 to 30% of the adult bass each year (Chadwick 1968;
1974; Stevens 1977b). Part of this mortality is due to natural phenomena such as disease

and part probably is caused by the activities of man.
For at least 25 years, an unknown fraction of adult bass mortality has occurred during large
in the Suisun-San Pablo Bay area. In recent years, the timing and location of these kills

monitored by DFG employees walking along selected beaches. Monitoring is incomplete
the area surveyed is only a small portion of the shoreline and many fish must decompose with-

reaching shore. From 1,565 to 1,763 bass carcasses were counted each year from 1971 to
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1973 (]~ohlhorst 1973, 1975).
Attempts to determine the cause of the Suisun-San Pablo Bay kills have been unsuccessful.

Factors examined but not definitely eliminated as causes include heavy metal and hydrogen sulfide
poisoning, bacteriological pathogens, red tides, and various climatological factors. The die-offs
occur only ha late spring and summer when bass migrate from fresh to salt water which suggests
osmoregulatory stress is a factor. However, similar die-offs do not occur in other estuaries so some
other condition in the Suisun-San Pablo Bay environment must also contribute.

Adult bass spend roughly 6 to 9 months of the year in San Francisco and San PabIo bays so
they are affected by factors degrading bay habitat. Over the years such factors have included toxic
waste discharges, dredging, and land f~tll projects along the shoreline. More recently, however,
planning and regulatory agencies have become fairly effective in managing these problems. This
should reduce future .adverse impacts.

Potential effects of upstream water development are of concern. Flow reductions could af-
fect the carrying capacity of the bays in several ways. (1) Fresh water flows help dilute potentially
toxic wastes that are not controlled by regulation or treatment. (2) The bays’ capacity to produce
food for bass may be influenced by flows transporting nutrients to these areas. Relations have
been established between biological productivity and river flows in Mediterranean and eastern Ca-
nadian fisheries (George 1972; Sutcliffe 1972,1973). (3) Landward bottom currents such as those
defined by drifter studies (Conomos 1975) may be reduced. Effects of these currents on the distri-
bution of fishes, crabs, and shrimps that are forage for bass in the bays never have been studied,
but the strength of such currents affects the distribution and abundance of similar species in other
estuaries (Kutkulm 1966; Nelson et al. 1977). Changes in the distribution of forage obviously
could affect the suitability of the bays as habitat for bass.

POTENTIAL MANAGEMENT ACTIONS

Management actions that would alleviate water project effects include maintaining sufficient
freshwater flow to the ocean and moving the intakes for federal and state water exports to a loca-
tion upstream from the striped bass nursery area. The latter could be accomplished by building the
proposed "Peripheral Canal" which would transport water from the upstream margin of the Delta
to the existing export pumps. Although this concept is simple, conflicting interests have prevented
its implementation for more than 10 years. Chadwick (1977) discusses some of the actions being
taken to help deal with these conflicting interests.
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SAN FRANCISCO BAY: CRITICAL TO THE DUNGENESS CRAB’?.

ROBERT N. TASTO
California Department of Fish and Game, 411 Burgess Drive, Menlo Park, CA 94025

Because of the decline in harvestable yield of Dungeness crab (Cancer magis-
ter) in the San Francisco area since 1961, a study has been undertaken to
determine critical stages in the crab’s life history and environmental factors
affecting survival.

All larval stages except the 5th zoeal have been collected in the ocean off San
Francisco January through March 1975-76, megalopae in the San Francisco-San
Pablo Bay-complex in April and May 1975-76, and first post-larval crabs in San
Pablo Bay in May 1975-76. Eighty percent of 1975 year-class crabs entered the
Bay-complex to use it as a nursery ground. Staghorn sculpin, starry flounder, big
skate, and brown smoothhound were the principal fish predators on megalopae
and juveniles.

Multi-variate correlations comparing crab .landings with an array of oceano-
graphic parameters and the crab density dependent factor show that from March
through May, when late stage larvae prevail, the most significant correlating fac-
tors were sea level and atmospheric pressure for central California and, for north-
ern California, the density dependent factor and sea surface temperature. Analy-
ses of crab tissues for contaminants revealed petroleum hydrocarbon burdens,
Ag, Se, Cd, and PCB’s higher in central California crabs, while DDE was found in
higher amounts in northern California crab tissue.

The central California Dungeness crab (Cancer magister) resource has yielded harvestable
crabs at drastically low levels for 15 seasons beginning with the 1961-62 season (Fig. 1). From
1915 to 1949 the average seasonal landings were 2.5 million lb (1.14 x 106 tonnes), and from
1949-50 to 1961-62 they were 5 million lb (2.27 x 106 t) (Orcutt et al. 1976). The need to under-
stand the causes of the catastrophic condition of the central California Dungeness crab resource is
very real in terms of the economics crucial to the lives of the fishermen, the economic values to
society, and the well-being of the renewable resource.

The California Department of Fish and Game (DFG) was mandated (State Senate Bill 1606)
to investigate the causes of the decline and in 1974 established the Dungeness Crab Research Pro-
gram. The objectives of this program are 1) determine the factors causing the decline and con-
tinued low levels of central California’s Dungeness crab resource, and 2) make management rec-
ommendations to protect and increase the resource.

The program has two distinct projects. The FJxst, termed the Crab Critical Stage Project, has
as its major objectives the determination of distribution and relative abundance of Dungeness crab
zoeae, megalopae, and post-larval instars; the importance of the San Francisco-San Pablo Bay-

as a nursery ground for recruitment into the commercial fishery; predators and their ef-
on the crab population; racial composition of Pacific Coast crab stocks with emphasis on the

between northern and central California; and growth rates ofjuvertile crabs in Bay waters.
second, termed the Crab Environment Project, has as its major objective the investigation of

natural and/or man-caused factors which induce or contribute to changes in the crab popula-
the San Francisco area.

~:. The central California Dungeness crab fishery has exploited only males since 1897 and has
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had a closed season (period of maximum male molting) and size limits since 1903. Mating in Dun-
geness crab takes place between a hard-shelled male and a soft-shelled (recently molted) female.
The mating season ranges from late February to July with most mating occurring March to May.
Sperm are transferred to the female during mating and are retained in the spermathecae until the
eggs mature. Males generally molt late June through October with peak molting in July and Au-
gust. Fertilization occurs as the eggs pass out through the oviduct and pass the spermathecae. Most
spawning occurs October to February and the eggs become attached to the abdomen of the female

Fig. 1. Dungeness crab landings of northern and central California by seasons since 1949.

in a sponge.like mass. There are approximately 1.5 million eggs on an average-sized female. Hatch:
ing of the eggs generally takes place December through January. For convenience, the birthdate of
January 1 is given to all members of a designated year class (e.g. 1977 year-class crabs - born 1
January 1977). There are seven Dungeness crab larval stages (1 prezoeal, 5 zoeal, and 1 megalopal)
with a combined pelagic existence of 90 to 120 d. Metamorphosis to the first post-larval instar
(resting or intermolt) stage occurs May-June.

The sthdy area encompasses the Gulf of the Farallones from Pt. Reyes to Pt. San Pedro
(Fig. 2) and the San Francisco-San Pablo Bay-complex (Fig. 3). The program was formally initi-
ated 1 July 1975, and will conclude 1 September 1979.

This paper presents a brief overview of our activities to date (June 1977) and some of the re-
sults generated by studies thus far. Most information presented here has been abstracted from the
Program’s first two annual reports (Orcutt et al. 1975, 1976).

CRAB CRITICAL STAGE STUDIES

Methods and Materials

Crab larvae and associated zooplankters. During pre-program studies in spring 1975 we
veloped our plankton collecting gear and procedures. Generally, we opted for 0.5-m, 505-# meshl
cylinder-cone nets, with opening-dosing capabilities, to test for horizontal stratification of zoeal
and megalopal stages. In 1977 we experimented with 30-cm Clarke-Bumpus samplers and a
mesh plankton net adapted to a sled. The Clarke-Bumpus samplers were rejected eventually
cause they were awkward and inefficient. The sled arrangement has been incorporated into
routine sampling plan when plankton samples near the bottom are needed.
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2. Gulf of the Far,ones.Study

Pl~ton co~ect~g cm~es are scheduled December to June when crab lapse are most abun-
d~t. Co~ections are made from Deponent research vessels, patrol boats, ~d chartered vessels.
Pe~ent stations ~ ~e Gu~ of ~e ~ar~ones ~e spaced 9.3 ~ apart ~ a .g~d pattern Mong
trisects pe~en~cular to the coasfl~e. Bay stations were selected wi~ reg~d to bottom depth,
vessel m~euverabflity, ~d preva~g cu~ents. S~p~g procedures frequently ~clude a v~eW of
tow types, e.g. discrete dep~ hor~ontM tows, ob~que tows from bottom to surface, ~d bottom-
~¢d tows. Tong times va~ wi~ regard to pre~ou~y computed zoopl~ton densitbs, ~d
flowmeters attached to ~e nets give us a record of the ~ount of water ~tered. S~ples are pre-
se~ed ~ buffered 10% formM~ ~d tr~spo~ed to the MeMo P~k ~borato~ for ~ysis. ~
zoopl~ers are iden~fied to the lowest t~a possibb, enumerated, ~d ~ ~fo~ation computer-
ized ~d stored ~ our data ban~.

Jurenile and adult crabs. To co~ect post-la~M ~st~ crabs, we use 5- ~d 13-m se~-b~oon
otter trawls, 2.5-m be~ trawls, co~erci~ crab pots, and hoop or ~g nets. Captured crabs are
enumerated, measured, sexed, ~d eider returned to ~e water or ret~ed for speciM studies.

Cruises desired to investigate the juvenile crab population ~e sched~ed ~te~ittenfly
~ou~out ~e year. Two cruises ~e scheduled ~ sp~g when ~� crabs are met~orphos~g from
~� megMops to ~e first post-la~M ~star stage. ~ additionM cruse is conducted ~ aut~ us~g

catch-per-unit-of~ffo~ (CPUE) to dete~e ~e extent to which crabs of ~� year entered ~e
Bay-complex to ut~e it as a nurse~ ground. The distribution of current year-cl~s crabs ~
~e Bay-complex h mo~tored money by traw~g from sm~ boats ~d r~g-nett~g from shore-
.based stations.
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Oceanographic Parameters. Salinity and temperature measurements of the water column are
taken at each location where sampling occurs. We frequently measure these parameters at the sur-
face, 5, 15, 25 m, and bottom (if possible). In 1975 ocean sampling, water samples were taken at

I discrete depths and salinities determined by an induction salinometer; water temperature profiles
were recorded with an expendable bathythermograph (XBT) system. Since 1976 we have used an
InterOcean conductivity-salinity-temperature-depth (CSTD) recorder. A field portable tempera-

I ture-salinity (TS) meter is used at the shallower Bay stations. We gather data on these parameters
to determine if they correlate to distribution or abundance of Dungeness crab larvae.

Fig. 4. Occurrences of C. magister larval stages from plankton tows and fizh stomachs,
January-June 1975-76.

Results and Discussion

Distribution. During pre-program cruises in April and July 1975, approximately 200 plank-
were collected from the study areas (Figs. 2, 3). This sampling effort yielded only 12

all from the Gulf. Over 100 bottom trawls were made and they collected approximate-
post-larval instar crabs, the vast majority of which were collected in the Bay-complex.

megalopae were found in fish stomachs, most of these from Gulf-caught fish.
Investigation of the 1976 year class began in mid-December 1975 with bi-weeldy cruises.
cruise consisted of a single transect from the Golden Gate Bridge to and slightly beyond the

Islands. These cruises resulted in a substantial collection (ca. 2000) of early zoeal stages.
we conducted a 2-wk cruise in March during which we collected 183 plankton sam-

contained only a dozen zoeal stages, a mixture" of early and late.
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~From late April through early May, we conducted three additional 2-wk cruises in which we
slowly decreased the number of plankton stations and increased our trawling efforts. One hundred
serenity plankton samples were collected yielding a mere 14 megalopae; fish stomachs yielded an
additional seven megalopae. One hundred forty-three bottom trawls captured only 160 early post-
larval instar crabs. Again, ~s in 1975, the vast majority of these were caught in the Bay-complex.

Some discernable patterns of distribution begin to emerge upon inspection ofthe data. Lar-
val forms are concentrated in the Gulf and juvenile stages in the Bay-complex. All larval forms
from 1975 and 1976 with the exception of four megalopae and one stage II zoea were found in
Gulf stations (Fig. 4). There is also some indication that as the zoeae develop from stage I through
stage V they move progressively offshore. CPUE studies conducted in autumn determined the ex-
tent to which juveniles moved into the Bay.

Data from over 400 plankton tows and approximately 150 bottom trawl tows made in 1977
have not been evaluated to date (June 1977). However, cursory inspection of these data indicates
that the data substantiate the aforementioned conclusions.

Relative abundance. The maximum zoeal density recorded at any station has been 9-m-~

water filtered for stage I zoeae. The maximum density for megalopae has been 0.47-m-~. Most
samples averaged considerably less. The only observable trend has been a lowered density as the
zoeal stages develop. The megalopae are not included in this pattern.

Catch-per-unit-of-effort (fishing) data generated by a cruise in September 1975 indicated
that nearly four out of five 1975 year-class crabs entered the Bay-complex to utilize it as a nur-
sery ground (Table 1). We caught 60% less crabs in 1976 with similar fishing effort and during the

TABLE 1. CATCH-PER-UNIT-OF-EFFORT (CPUE) DATA FOR 1975.

Ring-net Trawl                 Combined
No. No. Non-

Station crabs Crabs/ Crabs/CPUE crabs Crabs/ Crabs/ CPUE adjusteda Adjustedb

locations collected set net (%) collected set net (%) CPUE (%) CPUE (%)
San Francisco

and 152 12.7 2.5 74 312 26.0 13.0 83 78.5 78.4
’San Pablo Bays

Gulf of
Farallones 63 4.5 0.9 26 77 5.5 2.8 17 21.5 21.6

~Sum of percentages divided by 2.
Percentages weighted by number of crabs caught by each method.

same time period. Although the data indicate that 1976 year-class crabs were equally distributed
between Bay and Gulf, the statistical reliability of the data is suspect because of the low number
of crabs caught. Another indication of the weakness of the 1976 year class can be seen when we
pool all available trawl data, without regard to type of trawl used, from the summers of 1975 and
1976 (Table 2). The CPUE dropped more than 85% in 1976.

Predation. A study of 750 demersal fish stomachs collected in 1975 and 1976 has suggested
that the major predators on Dungeness crab are Pacific staghorn sculpin (Leptocottus armatus)
starry flounder (Platichthys stellatus), big skate (Ra/a binoculata), white croaker (Genyonemit:
lineatus), brown smoothhound (Mustelus henleii), and sturgeon (Acipenser spp.) (see also Srrdtl
and Kato 1979).

Growth. Carapace width data have been collected regularly in San Francisco and San
bays since 1971. These data have been incorporated into an age and growth study which,
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TASTO: DUNGENESS CRAB

TABLE 2. COMPARATIVE TRAWL CATCH-PER-UNIT-OF-EFFORT (CPUE) DATA,
1975 vs. 1976 YEAR CLASSES.

No. crabs Trawling CPUE
Year-class      Month collected effort (rain.) (crabs per min.)

1975 May 281 225 1.25
June 497 420 1.18
September 312 240 1.30

TOTAL 1090 885 1.23

1976     May 1 210 0.01
,une° 150 680 0.22
September 56 240 0.23
TOTAL 207 1130 0.18

with a 1972-73 tagging study, is in manuscript (P. Collier in prep.).

Racial composition. Electrophoretic studies were conducted to survey the variability and
geographic distribution of gene products (proteins) for approximately 20 gene loci from C. magis-
ter to determine the structure of the various natural Dungeness crab populations. The results of
18 months of investigation of 2,000 crabs from Alaska to Morro Bay indicated that there is virtual-
ly no electrophoretic polymorphism in C. magister and that electrophoresis is of no value in illu-
rninating the population structure 0VI. Sould unpublished).

CRAB ENVIRONMENT STUDIES

Methods and Materials

Oceanographic factors. Initial emphasis was placed on compiling data on nearshore ocean
and bay .temperatures, salinities, upwelling, sea level, wind stress curl, atmospheric pressure and
river flows into the ocean and bays. Most historical information concerning temperature, salinities,
and sea level was provided by the National Ocean Survey (NOS) (unpublished data)(Fig. 5).
National Marine Fisheries Service (NMFS) has provided upwelling indicates from 1946-74 for 10
stations (Bakun 1973) (Fig. 6). River flow rates were compiled for the Sacramento River Delta,
Smith River, Klamath River, and Eel River. These parameters, plus a density-dependent factor
(autocorrelation of crab landings) were correlated with yearly (1948 to 1975) crab landings using
3- and 4-yr lag times (Boeing Computer Services 1975). In addition some simple regressions were
made of crab landings using varying lag times.

Hundreds of mature female crabs were collected and retained, some alive and the remaining
quick-frozen, for studies on the relationship between spawning success and water temperature and
to assess differences in ovary development and mating success between Eureka and San Francisco
area crabs.

Environmental toxicants. A literature review on environmental toxicants was directed first
data sources and research papers on a variety of toxicants including trace and major ele-
pesticides, polychlorinated biphenyls (PCB’s), petroleum hydrocarbons, municipal and in-
effluents, chlorinated waste, and biostimulants. The results of this review indicated that

was very little information on levels or effects of potentially toxic materials on crabs or re-
organisms and scant historical data which document these factors when the crab population

high in the San Francisco area. Therefore it was decided to evaluate whether present levels

485

C--050390
(3-050392



SAN FRANCISCO BAY

found i~ crab tissues are having significant effects on the crab population.
Making the basic assumption that crabs from the northern California population are healthy,

much of 1975 was spent collecting crabs from the San Francisco and Eureka areas and preparing
to test the crab samples for current levels of these toxicants.

Studies on elements were conducted by the Water Pollution Control Laborato’ry of DFG and
by Moss Landing Marine Laboratories (San Jose State University); pesticide and PCB levels are

Fig. 5. Oceanographic shore station locations for sea surface temperature, density, and sea
level from California to Alaska (NOS).                                                       +

being determined by the DFG Pesticide Laboratory. The Naval Biosciences Laboratory
of California Berkeley) was awarded a contract to investigate petroleum hydrocarbons. The
of effluents, chlorinated wastes, and biostimulants are being studied by the Sanitary
Research Laboratory (SERL) of the University of California, Berkeley.

In general, our approach in assessing the role of environmental toxicants in preventing
recovery of San Francisco area Dungeness crab stocks is to compare tissue burdens of
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TASTO: DUNGENESS CRAB

toxicants in crabs ~from the San Francisco area with those from Eureka. Statistically significant dif-
ferences between the two areas will suggest where laboratory experimentation such as bioassays
may be useful in evaluating the biological significance of the differences in toxicant levels.

155e 150° 445°
140e I~e 130e 125° 120°    115e

55"~. 57e N, f37° W

55*

I 36"N~ 1~2a’W

140" 135e 130= 125¯ 120°

Fig. 6. Locations of computed upwelling indices (black triangles) from California to Alaska.

In testing for major or trace elements, muscle and hepatopancreas samples from crabs of the
San Francisco and Eureka areas were tested for levels of As, Ba, Br, Cd, Ca, Co, Cu, Fe, Hg, K,
¯ bin, Ni, Pb, Se, Ag, Sr, and Zn. Analyses were conducted by atomic absorption and X-ray fluores-
cence. Tissues from 25 adult crabs of each sex and from each area were analyzed individually,

!whereas juvenile crab tissues were composited and represented 50 of each sex from each area. Ap-
proximately 7,300 analyses were performed.
i    Five crab-egg samples from the San Francisco area and two from the Eureka area were

for tissue concentrations of 38 elements by X-ray fluorescence and neutron activation
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Results and Discussion

Oceanographic factors. The best multivariate correlation coefficient obtained for oceano-
graphic factors and crab landings was 0.67 for central California with the significant factors being
uncorrected sea level and atmospheric pressure. In northern California, a correlation coefficient of
0.76 was obtained with a density dependent factor and sea surface temperatures being the major
contributors to the correlation. The results suggest the possibility of a relation between oceano-
graphic conditions, late stage larval survival, and year.class strength in central California, while in
northern California biotic factors inherent in the crab population may be more important to year-
class strength than effects of environmental conditions on late stage larval survival.

While these first efforts are encouraging, more complete analysis and interpretation of the
results will be possible when correlations have been made for all of the possible life stages and
oceanographic phenomena we plan to compare, and a better index of year-class strength is
achieved. Data from DFG pre-season crab cruises 1958-74 are being analyzed currently to see if
such an index is available.

The study to determine the relationship between spawning success and water temperature
proved unsuccessful; a more extensive study is currently underway at DFG’s Marine Culture Lab-
oratory. Also, the series of experiments designed to assess the differences in ovary development
and mating success between Eureka and San Francisco Bay area crabs was inconclusive; however,
the study shows promise and will continue through 1978.

Environmental toxicants. Although data from the analyses of major and trace elements have
not been analyzed statistically yet, some generalizations can be made. In all samples tested, the
concentrations of Pb, Cr, Co, and Ba were below detection limits. Tissue concentrations of the
elements tested were higher in adult animals (an exception was Mn) and higher in the hepatopan-
ereas than in the muscle (exceptions were As, K, and Zn). The highest concentrations of most ele-
ments tested were found in the hepatopancreas of adult females.

The most obvious differences in tissue burdens of potentially toxic elements between San
Francisco and the Eureka areas were found in comparisons of levels of Ag, Cd, and Se in adult
female hepatopancreas (Table 3). In general, concentrations of nearly all elements averaged higher
in the egg masses of San Francisco crabs than in those from Eureka, although there is more varia-
bility within the San Francisco samples than between the two areas. Bioassays of acute and
chronic effects of Cd, Ag, and Se on juvenile crabs are underway currently at the DFG Bioassay
Laboratory.

The levels of chlorinated hydrocarbon pesticide and PCB’s of the muscle and hepatopancreas
of juvenile crabs collected from San Francisco and Humboldt bays were determined. The only

TABLE 3. CONCENTRATIONS OF SELECTED ELEMENTS IN FIEPATOPANCREAS OF
ADULT FEMALE DUNGENESS CRABS FROM SAN FRANCISCO AND EUREKA AREAS.

Silvera (ppm)        Cadmiuma (ppm)     Seleniumb (ppm)
Area            range      mean      range        mean     range     mean

San Francisco 9.9 - 49.9 24.0 22.1 - 241.0 76.9 2.8 - 24.8 9.75
Eureka 4.2-25.3 10.4 8.3- 90.7 27.2 0- 6.3 2.75

a Determinations made by Moss Landing Marine Laboratories.
b Determinations made by DFG Water Pollution Control Laboratory personnel at California State Dept.
Agriculture facilities.                                                                          ’
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I pesticide residue found was DDE, a metabolite of DDT. Levels of DDE and PCB’s were higher in
the hepatopancreas than in the muscle. Crabs from Humboldt Bay had higher mean levels of DDE

i residue than those from San Francisco Bay; however, PCB residues averaged higher in San Francis-
co Bay crabs (Table 4). The levels of DDE and PCB’s reported here are lower than those found in
crab tissues in earlier studies and may reflect the more stringent controls on releases of DDT and
PCB’s into the environment. Thus, it seems unlikely that DDT or PCB’s are responsible for pre-

I venting the recovery of the San Francisco area Dungeness crab population.

TABLE 4. TISSUE LEVELS OF DDE AND PCB’S IN DUNGENESS CRABS FROM

I SAN FR/~NCISCO AND HUMBOLDT BAYS.a

DDE (ppm) PCB’sb (ppm)
Area Tissue range mean range mean

I San Francisco Bay muscle .001 - .020 .004 ~005 - .079 .028
hepatopancreas .016 -.58 .075 .32 - 1.8 .82

I Humboldt Bay muscle .001 - .020 .007 .007 - .025 .013
hepatopanereas .027 -.32 .15 .18 - .79 .36

a Determinations made by DFG Wildlife Management Branch, Pesticide Section personnel.
b PCB’s- a total of Aroelors 1248 + 125411260 mixture.

The results from the analyses of petroleum hydrocarbon burdens in muscle, hepatopancreas,land (or tissues of crabs from the San Francisco and Eureka DiSalvo et al.gonadal eggmass) area(L.
unpublished) show no statistically sigrdficant difference between males and females of the same re-
gion. There was no significant difference in hydrocarbon burden between different tissues in the

IEureka tissue in San Francisco crabs showedsamples,althoughhepatopancreas higher hydro-
carbon levels than did muscle and gonadal tissue. In comparing different regions, the San Francisco
adult crabs contained significantly higher burdens than did Eureka crabs. Large juvenile crabs

~peared to follow the same trend, although further work is required to obtain statistical validity.
entification of the various fractions that constitute the petroleum hydrocarbon burden in San

rancisco area Dungeness crabs and bioassays is slated for 1978-79.
A study of the effects of chlorinated waste effluents on juvenile crabs will be conducted in

978-79 SERL. The need for this when it demonstrated thatby studyarose "significantwas
¯ ~ncreases in chlorine usage by municipal wastewaster treatment plants directly proceeded (sic)

failure of the regional Dungeness crab population" (Russell and Horne 1977).

MARINE CULTURE LABORATORY

Dungeness crab culture studies are directed toward developing the capability of growing suffi-
~lient numbers of larval and post-larval crabs for studies of development and behavior, experiments
~ testing effects of environmental factors, and bioassays of selected environmental toxicants. In

1975 crab eggs showed 36.6% survival to the megalopal stage in a flow-thru system; of these, 92%
to the first post-larval instar. In 1976, it was determined that larval crab densities in the          ~’
culture systems could be increased by a factor of nearly six and yield favorable results.
the percentage developing to the megalopal stage was lower at these increased densities

thanthat of the best previous culture system tested, the number of larvae developing to the mega-
stage was nearly double. Based on results obtained from three high larval density flow-thru
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culture~systems that were tested., an estimation of the present capability, and requirements, to cul-
tivate lalval crabs to the megalopal stage can be made (average values): twelve hundred newly
hatched crab larvae, distributed in an 8.5-liter culture container should yield 163 larvae to the
megalopal stage in about 63 days.

CONCLUSIONS

It appears from our continuing studies that San Francisco Bay is a "critical" or essential
element in the life history of our local Dungeness crab population. We cannot say def’mitely
whether the environmental quality of the Bay is such that it has been instrumental in causing the
decline of, or in preventing the recovery of, the local Dungeness crab fishing stock.
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SAN FRANCISCO BAY: THE URBANIZED ESTUARY

I A SUMMARY

T. JOHN CONOMOS
U. S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

I
Aboriginal Californians left little evidence of their several thousand years of habitation along

San Francisco Bay’s shoreline except for piles of shells (middens) located adjacent to their former

I villages. Modem man, however, began to effect major change to the Bay within 75 years of his first
arrival. This change has been unremitting ever since. With the discovery of gold in the mid-19th
century, vast quantities of debris from large-scale hydraulic mining destroyed stream courses and

i agricultural land and silted the upper reaches of the Bay. Transfer of the tidelands to private
ownership promoted land speculation and subsequent large-scale reclamation, diking and filling of
the margins. These activities and the addition of large volumes of poorly treated waste waters con-
tributed to the decline, in the late 19th century, of the quality of the Bay environment in general

I and probably to the decline of large commercial oyster and salmon fisheries in particular. Further
increases in agricultural and urban development, during the early 20th century, led to increasing
demands for water, and large-scale rivier diversions were begun. These diversions, together with

I increased waste-water inflows have led to worsening water qua!ity and to the enactment of water-
quality control measures.

Today, San Francisco Bay is the focus of continuing studies of the extent to which man
, can alter an estuarine system without destroying the physical, chemical and biological balances

I necessary for the survival of that system.

PROCESSES AND RELATIONSHIPS

! Although our knowledge of the natural science of the Bay and Delta has its origins in work
done in the early 20th century, it was not until the last few decades that real progress has been

,made in our understanding of the processes and rates by which water, solutes, sediments and

I organisms interact. We have learned qualitatively that the water in the system is primarily and con-
tinually controlled, in movement and composition, by the shape of the embayments and the inter-
related effects of wind, river and waste-water inflows, salt and heat input, and tides. The physical

land chemical features of Delta and northern reach waters are dominated by the seasonally varying
IDelta outflow and to a lesser extent by exchange with the ocean. The waters of the southern reach

are affected perennially by exchanges with the ocean and waste-water inflows, and seasonally by
.otmSions of Delta-derived water and direct inflows from small local streams. Tidal-current circula-
n is modified significantly in the northern reach by Delta outflow and in the southern reach by

Wind.
The distribution of biologically reactive water properties such as plant nutrients, carbon, and

tsesolvedoxygen are primarily to supply components, torelated seasonalvariationsin the of these
intensity of water movement and mixing, and to a lesser extent to the amount of available

light, which promotes biological activity. In the Delta and northern reach, Delta outflow contrib-

~es suspended particles, carbon, dissolved oxygen and plant nutrients. It also generates an estua-
e circulation cell and an associated turbidity maximum that are critically important to such bio-

logical processes as seasonal migrations of fish and crabs and photosynthesis of water-borne plants.
iiWater properties in the southern reach are most directly affected by the perennial inflow of

the southern boundary and by exchange with thel etritus and nutrient-rich waste water from
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bottora~ediments.
The distributions and abundance of estuarine organisms, many of which are exotic species

introduced accidentally or intentionally during the past century from other estuaries, are governed
by a unique combination of environmental factors. These factors include residence time, mixing
rates, and temperature, salinity and transparency of the waters, the amount and type of nutrients
or food available, and the stability of the bottom sediments. All of these factors, in turn, are in-
fluenced by the geographic location relative to the Delta and ocean, and the seasonal cycles in
weather and Delta outflow. The distributions of benthic plants and animals, for instance, are
strongly determined by the physical and chemical interplay between river and ocean waters and by
the intermittent disturbance caused by wind waves and tidal currents.

These same factors bear on the distribution of species in the surrounding marshes. Delta
marshes, which contain tules, bukushes and reeds, grade seaward to a salt-marsh assemblage of
pickleweed and cordgrass. These marshes, which are quite productive and an important segment of
the Bay-Delta ecosystem, exchange an unknown quantity of detritus and nutrients with the open
water.

The animals that inhabit Bay waters are the same as or are similar to species that inhabit
most temperate latitude estuaries around the world. Because of the relatively high level of pro-
ductivity in the estuary, large quantities of the common species are found. Some of these species,
anadromous (striped bass, king salmon, sturgeon and shad), pelagic (anchovies and herring), bot-
tom (starry flounder and English sole) and coastal marine (perch) fish, shell fish (clams and oys-
ters), shrimp and crabs, at the highest trophie level, are sought by man. But, because of poilu-
tion-rela~ted concerns and overfishing, this once important group has become primarily a modest
sportfishery.

RESEARCH NEEDS

Despite the great progress that has been made in the last two decades in describing and
understanding the Bay and Delta, there is still much to learn before we can accurately describe the
mechanisms that contribute to the maintenance of the estuary as we know it now, or before we
can adequately predict what lies in the future.

For example, our knowledge and understanding of circulation and mixing of estuarine
waters is essential for solving problems dealing with water quality and ecology as well as sediment
transport and distribution. From these data practical conceptual and numerical models of hydro-
dynamic processes can be devised and used for predictive purposes.

Closely coupled to the study of the hydrodynamics is a need to quantify the sources and
sinks of biologically reactive water properties. As a basis for these activities, our knowledge of the
temporal distributions of these properties must be extended into three dimensions of mapping the
vast shallow areas of the Bay. The major input of both natural and anthropogenic substances from
sewage outfalls, rivers and "nonpoint sources" should be monitored through annual cycles. Fur-
ther, exchanges across the sediment-water and air-water interfaces should be measured. These
factors all bear on the quality and productivity of Bay waters.

Of special interest are continuing studies of the relationship between algal productivity and
the success of important fisheries such as striped bass and Dungeness crab. These studies, of neces-
sity, include the intermediate links in the estuarine food web, such as the zooplankton and the
benthos. These organisms consume the algae and associated detritus and bacteria and, in turn, are
consumed by the fish and crabs. Only by gaining a full understanding of the transfer of organic
matter from the producers to the ultimate consumers in the estuary can we begin to
how our own actions will influence these natural processes.
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CONOMOS: SUMMARY

THE FUTURE OF SAN FRANCISCO BAY

Our basic knowledge of the most important processes and rates in the present Bay and Delta
is not complete. Yet, human activity continues to result in changes to the physical and ecological
framework that we have been attempting to characterize and understand. Recently enacted legisla-
tion has stopped the filling and diking of margins, but inputs of municipal, industrial and agricul-
tural waste waters, channel deepening and river diversions will continue into the future.

Diversions of Bay-bound river water continue and will probably increase markedly with
population growth and expanded agricultural development throughout California: planned diver-
sions will ultimately lower the average annual Delta outflow to 20% of its natural rates. Although
this reduction will undoubtedly change the present ecological balance in the estuary, the potential
extent of these changes is unknown. The expected decrease in suspended sediment loads may in-
crease the water transparency, and the supply of biologically reactive substances will diminish.
These factors, together with the increase of water residence time and the landward shift of the
ocean-river mixing zone may greatly alter the ecosystem, even to the extent of altering or elimi-
nating some exploitable fish and shellfish stocks.

The burgeoning population of the Bay area has resulted in increased industrial and domestic
waste-water inflows. Despite large expenditures on larger and improved waste-water treatment
plants, the total volume of pollutants is rising and the trend is expected to continue into the 21st
century when it will have increased 2- to 3-fold. To this will be added agricultural wastes if a large
agricultural drain, to shallow-lying brackish water from the fields in theplanned carry ground
Great Vally to the northern reach, is built. These waste-water inputs, together with the diminished
Delta outflow-modulated flushing, may lead to poorer water quality and increased stress on our
present ecological balance.

Routine dredging is a continuing need for the maintenance of shipping channels. But new
projects, such as the Stockton Ship Channel, which calls for deepening by 25%, may increase salt
intrusion and may create profound changes in the hydrodynamics of the Delta and northern reach.

The pressures to get on with these massive public works are great and there may not be
enough t~ime to develop a full understanding of the Bay before these plans are completed. However,
in all of these proposals we must be cautious because, while solutions to specific engineering prob-
lems are being sought, the synergistic effects of these combined projects are unknown. These com-
bined effects could be profoundly important.

It is apparent tha~t there is a great need for basic research at every level to identify significant
estuarine processes and to quantify relationships. Although this knowledge, along with data from
economic and social studies, forms the basis upon which important political decisions are made,
funding levels for this research are traditionally inadequate. These studies have been undertaken,
historically, by governmental agencies at public expense because public interest .in the Bay and
Delta has been so great and diverse. L. Eugene Cronin, in his eloquent treatise,X has suggested, as
an alternative, that where the estuary is used for f’mancial profit, some or all of the cost of research
on the effect of use be placed where the profit will be realized.

Intelligent management and public education, based on a better scientific understanding of
the complex ecosystem, can minimize man’s abuses, and perhaps can be used positively and pro-
fitably to manipulate the natural system. Such understanding, however, comes only with coopera-
tive, sustained, comprehensive and interdisciplinary study. We feel that we have made a good start.

X Cronin, L. E. 1967. The role of man in estuarine processes. Pages 667-689 in G. H. Lauff, ed. Estu-
aries. Amer. Assoc. Advance. Sei. Pub. 83.
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